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Abstract 
The direct ion and  s t reng th  of in termolecular  

forces a t  an a i r -water  or oi l-water  in ter face  is 
such t ha t  m a n y  prote ins  in the in ter face  are 
d is tor ted  in s t ructure .  This involves substant ia l  
changes in solubil i ty and  cross-sectional area. 
M a n y  of the changes can be accounted for  by 
r u p t u r e  of the secondary and  t e r t i a r y  bonds and 
are of ten irreversible.  The hydrophi l ic  groups 
of the pro te in  will be concent ra ted  in the aqueous 
phase  and  pa r t i c ipa te  in in teract ions  wi th  normal  
pro te ins  in the suppor t ing  solution. I t  can be 
shown tha t  cer ta in  types  of in te rac t ion  between 
these hydrophi l ic  groups  of a p ro te in  monofitm 
and  a soluble pro te in  are dependen t  on the inter- 
facial  pressure ,  tha t  they are sensit ive to a small 
(one or more amino acid) change in s t ruc ture  
of the protein.  Evidence  is given tha t  they are 
re la ted  to cer ta in  an t igen-an t ibody  type  reactions 
between molecules in three-dimensional  systems. 
Since m a n y  prote ins  in vivo are exposed to oil- 
wa te r  and  a i r -water  interfaces,  this l abora to ry  
model  m a y  have physiologic as well as chemical 
significance. 

Introduction 

T 
HE BEHAVIOR OF PROTEIN'S at  an in ter face  b e t w e e n  

a po la r  l iquid and  a nonpo la r  l iquid appe a r s  to 
have  m a n y  biological applicat ions.  In  vivo, one of 
the most  obvious examples  of such an in te r face  is 
the l ipid chylomicrons c i rcula t ing  in plasma.  For  
m a n y  years  it has been recognized tha t  a n u m b e r  of 
pathological  c i rcumstances  lead to the cytoplasmic 
accumula t ion  of l ipid droplets  (1).  Ano the r  example 
of l ipid drople t  accumula t ion  is the so-called fluores- 
cent cells of normal  organs  ( la ,2 ,3) .  These are pre- 
sumed  to be fluorescent l ipid drople ts  and  have been 
associated with cell g rowth  and  immuni ty .  Both  the 
immune  process and  the l ipid drop le t  fo rmat ion  are 
associated with  r ap id  prote in  synthesis.  I t  is possible 
t ha t  p ro te in  is associated in an  i m p o r t a n t  way  with 
the l ip id-water  interface.  

A t  ano the r  order  of magn i tude  there are an almost 
incalculable  n u m b e r  of l ipid pro te in  in terfaces  in 
cell membranes and cell organelle  membranes .  This 
re la t ionship  of l ipid and  pro te in  has been extensively 
s tudied b y  Stoeckenius (4). 

U n f o r t u n a t e l y  water- l ip id  in ter faces  in v i t ro  have 
presented formidable  technical  difficulties and  have 
been l i t t le  studied. The in ter rac ia l  pressures  of the 
a i r -wa te r  interface are such tha t  the pro te in  in the 
in te r face  resembles in p a r t  the oil-water interface.  
There  are  some differences between the two systems 
however.  Pro te ins  sp read  more easily and  completely 
a t  oi l -water  in te r face  t han  at  the a i r -wate r  (5).  Never- 
theless the a i r -wate r  in ter face  can be an impor t an t  
p reamble  to the s tudy  of prote ins  at  a l ip id-water  
interface.  

E v e n  though  the pro te in  monolayer  a t  a water-a i r  
interface has long been an a t t r ac t ive  model for  bio- 
logical systems,  there  are still m a j o r  problems as- 
sociated with  it. One of the m a j o r  problems in protein 
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monolayer  work  has been the problem of molecular 
s t ructure.  Unti l  recent  years  the polypept ide  sequence 
of prote in  has been unknown,  and even today  the 
secondary and  t e r t i a ry  s t ruc tu re  of prote ins  is largely 
a ma t t e r  of speculation.  As a consequence, the pr in-  
ciples of pro te in  behavior  at  these model interfaces 
have been difficult to establish. 

Since prote ins  may  be classified in m a n y  ways, it 
m a y  be useful  to iden t i fy  three types. One is the 
globular  protein,  of which p lasma proteins  are a good 
prototype.  These are soluble in aqueous solution and 
circulate in the p lasma of higher  inver tebra tes  and 
vertebrates.  Ano the r  is the s t ruc tu ra l  proteins  which 
are not in solution in vivo. These of ten ap p ea r  to 
be more unfolded  than  the globular  proteins.  Some 
appea r  to have m a n y  cross-links between polypept ide  
chains and to fo rm helical s t ructures .  Collagen and 
its derivative,  gelatine, would be a good example of 
this type.  The th i rd  type  is proteins  which are mixed 
with other molecular  species, such as the l ipoproteins 
and  the nucleoproteins.  This type  is of some value 
in in terface  chemis t ry  because some of the principles 
of prote in  behavior  of the in ter face  are dependent 
on the degree of unfo ld ing  and  on the na tu re  of the 
nonprote in  moiety.  

Something is now known of the cellular mechanisms 
of synthesis for  soluble prote ins  of the globular  type.  
In  Fig. 1 the polysome with messenger R N A  is shown 
in a d i ag rammat i c  way as a synthesizing a p p a r a t u s  
for  a long chain of polypept ides .  The i m p o r t a n t  point  
is tha t  the first steps of prote in  synthesis by  cur ren t  
speculat ion are the fo rmat ion  of a l inear  polypeptide.  
This would necessari ly have regions of relat ive aqueous 
insolubility. I n  one sense this original prote in  is in 
a dena tured  state. The steps tha t  lead to the folding 
of this po lypept ide  in the cell have not  yet  been 
elucidated, but  the consequences of the folding are 
the fo rmat ion  of a compact ,  g lobular-shaped molecule 
(Fig.  2). 

This na tu ra l  prote in  is now ful ly  soluble. I f  a 
chemist  were to come across the original  unfolded 
precursor ,  it would p robab ly  be called a nat ive or 
dena tured  protein.  This molecule has the hydrophobic  
centers on the inside and  is p re sumab ly  sur rounded  by  
a cage of ice-like water  molecules. The forces leading 
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FIG. 1. A schema t i c  of  the polysome wi th  a hol low central 
core. The polypeptlde chain flows out  o f  the  po lysome and  is  
p i c t u r e d  as a l i n e a r  molecule.  
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FIG. 2. The  l inea r  p o l y p e p t i d e  f r o m  F ig .  1 somehow fo lds  
on i t se l f  a n d  e s t ab l i shes  cross- l inks ,  hydrophi l i c  a t t r ac t ive  
forces ,  and  an  ice-like cage  o f  w a t e r  a r o u n d  the outside.  The 
s p r e a d i n g  o f  t h i s  fo lded  p r o t e i n  a t  an  i n t e r f ace  is essen t ia l ly  
the  reverse  o f  th i s  process .  

to the format ion  and  pe rpe tua t ion  of this configura- 
tion are p re sumab ly  hydrogen  bonds, the a t t ract ion 
betweeen the nonpo la r  un i t s  on the inside of the 
molecule and  the ice-like s t ruc tu re  of water  around 
it (6). In  addit ion,  there  is a set of specific disulfide 
bonds which adds s t reng th  to this configuration. 

This globular  s t ruc tu re  is in contrast  to the sheet- 
like or pleated s t ruc tu re  given for one of the ma jo r  
s t ruc tura l  prote ins  such as collagen, and it is in con- 
t ras t  to the long a helix seen in the nucleic acids and 
some other molecules. 

The impor tance  of these considerations to the in- 
terface  problem is t ha t  each form of protein in its 
own way suffers subs tan t ia l  d is torat ion in its nat ive 
configuration when it enters  the a i r -water  interface 
or a water- l ip id  interface.  Many,  if  not all, of the 
forces leading to the g lobular  forms of protein are 
d is rupted  by  the in te r face  forces. The molecule, if  it 
can be successfully sp read  a t  the interface,  will usual ly 
develop a configurat ion which behaves grossly as a 
large sheet of po lypep t ide  chains (7). The long poly- 
pept ide  chains a p p e a r  to move freely, though prob- 
ably  not a t  r andom in the interface,  and segments 
of these chains often behave physical ly  as if  they 
were an independent  molecular  species. This is similar  
to the behavior  of other  po lymers  in an interface (8). 
Even  though por t ions  of the spread  polypept ide  chain 
have colligative p roper t i es  as if  they were independent  
of each other, it is obvious tha t  amino acid groups 
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along the chain have cer tain requi red  spat ia l  re la t ions  
to each other if  for  no other reason than  tha t  they  
are  l imited in their  range  of mot ion by  the po lypep t ide  
chain. 

As a result  of these changes, pro te in  monofilms of 
some of the p lasma prote ins  will behave on compres-  
sion a t  the in ter face  as a gas first and  then  as a 
liquid. 

Ano the r  predic table  configurat ion of the pro te in  in 
the in te r face  has to do with  the  posi t ion of hydrophi l i c  
groups.  The water-soluble side-chains are  po in t ing  
down into the subsolution, and  the l ipid side-chains 
are held above the interface.  

W h e n  one invest igates the react ion of these side- 
chains, i t  is a p p a r e n t  tha t  several  pr inc ip les  should 
be considered. The active sites p robab ly  would be 
water-soluble.  The act ive sites m a y  be displaced in 
re la t ionship  to each other  by  v i r tue  of the expans ib i l i ty  
or cont rac t ib i l i ty  of the film. I n  a three-dimensional  
solution, this phenomenon would require  a d is tor t ion 
of the in terna l  s t ruc tu re  of the molecule. I t  is prob-  
able tha t  the active sites of the monofilm have some 
ordered  a r rangement .  They  are not r a n d o m l y  ar-  
r anged  though they  m a y  have a large n u m b e r  of 
possible configurations. 

I n  the monofilm the spa t ia l  a r r a n g e m e n t  of the 
act ive sites is under  pa r t i a l  control  of the inves t iga tor  
because he can contrac t  or expand  the area  covered 
by  a "set of active sites" s imply  by  compress ing or 
expand ing  the film. 

A simple exper iment  can be carr ied  out to demon- 
s t ra te  certain changes in a pro te in  monofilm by  
changes in surface  area. Fig.  3 i l lus t ra tes  a water-  
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FIG. 3. A schema t i c  o f  a c losed vessel  wi th  benzene above 
and  wa te r  be low wi th  a p r o t e i n  monof i lm between.  C h a n g i n g  
the  a rea  of  the  i n t e r f a c e  by  t i p p i n g  the  vessel leads  to com- 
p ress ion  o f  the  p ro t e in  monof i lm.  T h i s  is observed by  t he  
c h a n g e  in opt ica l  dens i ty .  

:FIG. 4. A schema t i c  o f  a p r o t e i n  monof i lm a t  an  a i r -wa t e r  
i n t e r f a c e  s u b j e c t e d  to two d i f f e r en t  l a t e r a l  p r e s su re s .  W i t h  
c o m p r e s s i o n  ( 4 a ) ,  the  hyd roph i l i c  reac t ive  s i tes  a re  c rowded  
t o g e t h e r  13 dynes .  W h e n  the  r eac t ive  s i tes  b ind  to a p r o t e i n  
in the  subso lu t ion  (4a )  so t h a t  t h e y  c a n n o t  be  c rowded  to- 
ge the r ,  the  13-dyne p r e s s u r e  m a y  no t  reduce  the  s u r f a c e  a r e a  
to the  same  e x t e n t  as  9 d y n e s  (4b )  w i t h o u t  th i s  r e s t r a i n t .  
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benzene system in a closed vessel. This shows a maxi- 
mum interface between the benzene and  water. I f  
the protein is introduced into the aqueous phase, 
movement of protein to the interface a p p a r e n t l y  oc- 
curs as pa r t  of the random diffusion of the protein 
molecule. Once contact  is made with the interface, 
the protein enters this region selectively. 

As it does this, the protein solubili ty in water 
diminishes. This change in solubility appa ren t ly  oc- 
curs in sequential  steps; each step alters the water 
solubility of the molecule so that  the hydrophobic  
elements of the protein are now exposed to the solu- 
tion and preferent ia l ly  they enter the benzene phase. 
The protein is able to enter this interface over a period 
of time unti l  a certain critical surface pressure is 
established. A t  this point  there appears  to be no 
fu r the r  en t ry  of the molecules into the benzene-water 
interface. I f  at  any  time following this process, this 
vessel is t i l ted (Fig. 3) so that  the benzene-water 
interface is reduced in area, the protein molecules are 
crowded one against  another  with a sharp  increase in 
pressure and an increase in optical densi ty  of the 
monofilm. At  a critical pressure known as the collapse 
point, protein monofilms are forced f rom the interface 
into the subsolution. I t  is not known what  happens 
to the molecular  figurations of protein monofilms as 
they collapse. Most proteins appear  not  to recover 
their  original configuration when the film collapses. 

The protein monofilm is shown in Fig.  4 as if  it 
were in a typical  Langmui r  balance. The interface 
at  the top is under  13 dynes pressure. The protein 
monofilm is relatively close-packed. The reactive sites 
of the molecule, which are available to the subsolution, 
are relatively close to one another. At  a lower pressure 
of 9 dynes the molecules are less closely packed, reac- 
tive sites are presumably  at a greater  distance from 
each other. I f  a new protein species is in t roduced 
into the solution, as i l lustrated by black bars at  the 
bottom of the figure, then a match of reactive sites 
between the two molecular species may  occur. This 
match will be dependent  upon the relative spacing 
between specific reactive sites. I f  the match in the 
dis tr ibut ion of reactive sites is exact, there would 
presumably  be no change in surface pressure or in 
the molecular configuration of either protein. I f  the 
match in the distr ibution of reactive sites is dis- 
cordant,  then presumably  no reaction is possible. I f  
however a match  of reactive sites can occur but  only 
with a relative change in the distr ibution of reactive 
sites on the molecules in the monofilm, then a change 
in surface area at  constant  pressure should be ob- 
served. This configuration of reactive sites on the 

Fro. 5. A Teflon t ray  made  to hold so lut ions  on which 
prote in  monofilms may be formed. R and C 1 to be compressed  
by a float F backed by a piston oil C, which acts as a servo- 
mechan i sm to maintain constant pressure on F. A mercury seal  
D prevents leaks; a glass-filled Teflon block keeps solutions 
on both sides separated. 

Fro. 6. The technique of injecting soluble proteins in the 
subso]ution. India ink for greater contrast was used in place 
of protein. 

monofilm is to a certain degree under the investiga- 
tor 's control. 

Schulman and Rideal (9) discussed specific molec- 
ular interactions at  an interface in terms of simple 
molecules and concluded that  this system could be 
used to determine some degrees of specific molecular 
interaction. Their  molecules were not flexible and 
would not have the large number  of different reactive 
sites that  one finds in the protein monolayer. 

In order to investigate the protein monolayer and 
its molecular interact ions with the molecules in the 
subsolution, a special appara tus  was designed and 
utilized (10-11).  Such an appara tus  is i l lustrated in 
Fig. 5. This is a Teflon block about one foot in 
length, in which two compartments  have been milled. 
Since both compar tments  are alike, only one will be 
described. A reaction area R is constructed so that  
a protein monofilm may  be formed on its surface. 
Under this test area of the film, a suitable reacting 
molecule can be injected. The monofilm in R is in 
direct contact with a floating plastic film, which moves 
freely back and for th  as if it were a two-dimensional 
piston in the larger  compartment .  This piston or 
Float  F is held at  constant  surface pressure by a 
piston oil, as described originally by Cary and Rideal 
(12). This funct ions to permit  changes in area of 
the compartment  R and therefore all the other com- 
partments  while the entire system is held at  constant  
surface pressure. This is a kind of molecular servo- 
mechanism and permits  experiments to be car r ied  
out with the monofilm always at s tandard  pressure. 
Special details of the construction and operation of 
these units are given elsewhere (10). 

One would presume that  the reactive sites of a 
monofilm maintained under  constant pressure should 
bear the same relationships to each other unless, of 
course, some new molecular configuration is established 
by mixing with the molecule in the subsolution. Fig. 6 
shows the appara tus  af ter  the introduct ion of India  
ink into the subsolution as if it were a reacting protein. 
This technique can be used with rapid mixing so that  
contact of the monofilm with the soluble protein then 
occurs as a process of simple diffusion. This means 
that time is a major  determinant  in the number  of 
contacts of the soluble protein with the monofilm and 
therefore with the behavior of the monofilm. 
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F~a. 7. E f fec t  o f  concentrat ion o f  soluble moleeules in 
subsolution on f i lm expansion. Pork  insul in monofilms were 
reacted wi th protamine su l fa te  (L i l l y ,  N F )  to demonstrate 
reproducibility and linearity of reaction. Different symbols 
represent three different months in which the experiments were 
performed (0.8-1ambda mercury droplets; 30 rain of reaction). 

R e p r o d u c i b i l i t y  of I s o b a r i c  Changes  

I n s u l i n  forms a s table  monofi lm at  an  a i r -water  
interface,  a n d  i t  can  be acqu i r ed  in  h igh ly  homogenous 
crys ta l l ine  p r e p a r a t i o n s .  I t  can  be recovered f rom 
monofilms wi th  its o r ig ina l  hormona l  ac t iv i ty  rela- 
t ively intact .  The a m i n o  acid sequence is also known.  
F o r  these several  reasons,  i n s u l i n  provides an  ideal  
model of a monof i lm made  f rom g lobular  prote in .  I n  
Fig.  7 repea ted  d e t e r m i n a t i o n s  of the p ropo r t i o na l i t y  
between the i sobar ic  area  changes  of i n su l i n  monofi lm 
a n d  the c o n c e n t r a t i o n  of p ro te in  in the subsolu t ion  
have been p lo t t ed  d u r i n g  the  course of a year .  These 
indicate  a h igh degree  of r ep roduc ib i l i t y  a n d  propor-  
t i ona l i ty  of r eac t ion  a t  a s t a n d a r d  time. 

As ano the r  example  of the p ropo r t i ona l i t y  of the 
isobaric a rea  changes ,  a t h y m u s  nucleohis tone mono- 
film reacted wi th  s e r u m  is shown in  Fig.  8. These 
indica te  that ,  over a 25-fold range  of concen t ra t ion  
of the p ro te in  on the subsotu t ion ,  the area  changes are 
p ropor t iona l  to the p ro t e in  concen t ra t ion  m the 
subsolut ion.  

Spec i f i c i ty  o f  I sobar ic  Changes  

The molecu la r  s t r u c t u r e  of the p ro te in  monofilm, as 
well as the molecu la r  charac ter is t ics  of the reac t ing  
soluble pro te in ,  can be shown to de te rmine  the extent  
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of isobaric  a rea  changes .  I n  F ig .  9 the a rea  c h a n g e  
of an  i n su l i n  monof i lm reac ted  wi th  s e r um y - g l o b u l i n  
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pH 
F ~ .  11. The effect of  pH  on the interact ion between an 

insul in monofilm and ")'-globulin in subsolution a t  different 
surface pressures.  

is compared  unde r  s imi lar  conditions with the isobaric 
changes of a y-globuIin monofilm with the y-globulin 
also in the subsolution. In  the la t ter  instance, one 
m a y  view the isobaric area  changes as a consequence 
of the spontaneous  nonspecific en t ry  of ~/-globulin into 
the interface.  The fac t  tha t  area  changes are different 
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fo r  different prote in  monofflms is evidence for  a 
specific kind of molecular  in te rac t ion  with  insulin 
and  v-globulin. The role of the sur face  pressure  in 
reveal ing this specific in te rac t ion  is indicated by  the 
difference, which is p lo t ted  as the shaded area  in 
Fig.  9. In  this instance, the most  specific interact ion 
a p p e a r s  at  a compression pressure  of about  7 dynes. 
The isobaric a rea  change is a t ime-dependent  
phenomenon.  

The kinetics of the react ion shows a t ime dependence 
for  both the specific and  the nonspecific isobaric area 
change. In  Fig.  10 the t ime course of several  reactions 
is plotted. I t  is of some interes t  tha t  the shape of the 
curves for  each type  of react ion  is different.  

In  the systems s tudied so far ,  the m a x i m u m  reaction 
between a prote in  monofilm and  a soluble prote in  has 
usua l ly  been in the p H  range  between the isoe]ectric 
po in t  of the two proteins.  I n  Fig.  11 the reaction 
between an insulin monofilm a n d  serum ~,-globulin 
is expressed over the p H  range.  I t  is a p p a r e n t  that,  
a t  several  different pressures ,  the m a x i m u m  change 
of area  occurs about  5.2 p i t .  I t  is also a p p a r e n t  tha t  
the greates t  reaction occurs a t  the smallest  pressure.  

Dependence on Molecular Structure 

A set of three insulin monofilms f r o m  three animal  
species was reacted with  the -/-globu]in f rom each 
an imal  species. The monofflm polypept ides  differed 
f r o m  each other  a t  Posi t ion 8, 9, and  10 (Fig.  12). 

The insulin monofflms had  s imi lar  force a rea  curves, 
bu t  the isobaric area  changes,  when reacted with glo- 
bul ins  f rom each species, show a quite different pat-  
te rn ,  than  tha t  of the ind ica ted  -/-globulin monofilm 
with  the same 7-globulin in the subsolution. 

I n  Fig. 13 the behavior  of each monofilm with each 
of three v-globulins is shown at  pressure  of 9.7 dynes 
cm-L The subsolution was an isotonic bicarbonate  
buffer.  I t  is a p p a r e n t  tha t  each ~/-globulin has a 
specific kind of in teract ion and  each monofflm also 
has a specific interact ion.  I f  a general izat ion can be 
made  f rom these data,  i t  should be to the effect tha t  
interspecies in teract ion is more  pronounced  than  
int raspecies  interaction.  

I n  Fig. 14 this same type  of exper iment  is per-  
f o r m e d  a t  a much  lower pressure ,  6.7 dynes cm-L 
The in terre la t ionships  are m a rked l y  changed.  I n  this 
expe r imen t  the react ive sites of the monofilm are 
modified by  the simple technique of a l te r ing  the sur- 
face pressure.  This p r e s u m a b l y  has its grea tes t  effect 
in changing the spa t ia l  dis tances between reactive sites 
in the monofilm. The p a t t e r n  of in terac t ion  is now 
m a r k e d l y  different f rom Fig.  13. 

A similar  set of exper iments  has been carr ied  out 
wi th  different buffers all a t  the same p H  (Fig.  15). 
The several  buffers make sheep -/-globulin behave 
in a m a n n e r  s imilar  to beef  -/-globulin (Tris.  + NaC1) 
or pork  ~-globulin (PO~ + NaC1). The da ta  show the 
g r ea t  dependence upon ion species in the set of var i -  
ables de te rmin ing  the interact ion.  

I t  is shown tha t  the differences in behavior  of the 
th ree  monofilms can be e l iminated by  changing the 
p H  (Fig.  16). The effect of amino  acid subst i tut ions 
at  posit ions 8, 9, and  10 is now eliminated.  

Behavior of Mixed Films of  Proteins 

One explanat ion  for  the behavior  of prote in  mono- 
films is tha t  in teract ions  develop between pa r t s  of 
the molecules of  each species which are in the inter-  
face together.  Such a s i tua t ion  can be studied by  
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FIG. 21. Comparison between isobaric reaction and isometric 
reaction in terms of area occupied by complexed monolayer 
after reactiorL is completed. 
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buffer at pH 7.4. 

p lacing both the proteins in the in terface  simulta- 
neously. This may  be done by  mix ing  the two proteins 
before spreading  or by  s imul taneous  spreading  of the 
two proteins. In  Fig. 17 force a rea  curves a t  p H  2.2 
of insulin and albumin,  and  a mix tu re  o f  insulin and 
a lbumin are compared.  The predic ted  behavior  of 
the mixture  is calculated by  the method of Ries (12) 
and  is also plot ted on this figure. I t  is appa ren t  tha t  
the predicted behavior  would mean  tha t  each molec- 
u lar  species acts independen t ly  of the other in modify-  
ing the force area of the mixture .  At  this p H  the 
collapse pressure of the mix tu r e  which occurs a t  
about  15 dynes is ident ical  to the calculated value 
and indicates tha t  insulin is dr iven into the  solution 
at  this pressure.  

In  Fig. 18 it is a p p a r e n t  t ha t  the mixed film now 
behaves at  p H  5.1 over the force area  curve in an 
ent i rely different manner .  The calculated behavior of 
the mixed film depart~ f rom the observed behavior, 
and this is most a p p a r e n t  near  the col]apse pressure 
of 14 dynes. In te rac t ion  between the insulin members  
of the monofilm and  the a lbumin  members  occurs 
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at  this region of the curve. This phenomenon is also 
observed a t  a p H  of 7.4 (Fig. 19), and  it  a p p e a r s  
to be t rue  also of the atbun~in a~phc~ globulin m i x t u r e  
studied a t  p H  7.4 (Fig.  20). This m a y  mean  tha t  
there is la teral  in teract ion between the insulin and  
the serum prote in  molecules a t  these pa r t i cu l a r  p H  
values. 

Use of Fibrinogen Monolayers 
In  order  to demonst ra te  certain other  pr inciples  

about  pro te in  monolayer  interaction, use is made of 
the fibrinogen film. A specific example  of  the va r ia t ion  
in results between isobaric and isometric a rea  changes 
is given in Fig. 21, showing data  for  the in te rac t ion  
of fibrinigen monolayers  and several react ive  prote ins  
in the subsolution. This s tudy was carr ied  out  to 
indicate tha t  monofilms which are exper iencing a con- 
t inued change in surface  pressure  are different  f r o m  
the monofihns in which the pressure is held constant .  

The isometric reaction was done in the same way  as 
the isobaric react ion except tha t  the fihn was held to 
a constant  area  dur ing  the interaction.  A t  the ap-  
p ropr ia te  t ime the film was allowed to expand  while 
a constant  pressure  of 9_7 dynes was main ta ined .  A n  
equil ibr ium was rap id ly  achieved but,  as can be seen 
f rom the figure, this occurs at quite a different  a rea  
f rom the one with the constant  pressure.  

The impor tance  of these experiments ,  Fig. 21 and  
Fig. 22, lies in the fac t  tha t  a difference in the in ter-  
action does occur when the pressure is cons tan t ly  
rising, as in the isometric interaction. I t  is p resumed 
tha t  a series of new interact ions occurs because of 
the cont inuous reduct ion in area  of each g roup  of 
in terac t ing  sites. 

Thus  gelat in  gives a l a rger  isobaric area  change 
than  does gelat in  with an isometric change. In  con- 
t ras t  to this, p tasma prote in  reacts with less increase 
in area unde r  isobaric conditions t han  it  does unde r  
isometric conditions. Both interact ions are, of course, 
pH-dependen t .  (Compare  Fig. 21 wi th  Fig.  22.) 

Interaction Without Changes 
Fibr inogen  in the presence of calcium and t b ro mb in  

undergoes,  in three-dimensional  solutions, specific in- 
teract ion to fo rm fibrin. Under  these same conditions 
fibrinogen, when spread  as a monofilm, does not  under -  
go an area  change. Al though it is not  indicated in 
Fig. 23, evidence for  specific in teract ion wi th  the 
monofilm th rombin  is a p p a r e n t  in changes in viscosity. 
This is not  the case with the in teract ion with  p lasma  
protein.  Fig.  24 indicates tha t  the area  change in the 
monofilm, in which an isobaric a rea  change occurs, 
does occur when the buffer concentrat ion is altered. 

Interaction of Nucleohistone 
In  Fig .  25 a comparison between the several  com- 

ponents  of h u m a n  serum and human  nueleohistone 
indicates tha t  the human  serum components  pre-  
sumably  pa r t i c ipa te  in an interact ion with the nuclear  
histone film. This may  actual ly  be re la ted  to the 
phenomenon of the h E .  cell phenomenon,  which 
occurs as a diagnostic manifes ta t ion  of the disease, 
systemic lupus.  These sera have components  which 
are highly react ive with the nuclear  his tone;  therefore  
examinat ion  of some pai red  sera f rom pat ients  with 
systemic lupus  and  normal  individuals  followed. 
Fig. 26 indicates  tha t  isobaric area changes will occur 
in the nuc lear  histone monofilm in the presence of 
sera wi th  a la rge  amount  of these react ive components.  
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Interac t ion  of  I m m u n e  Sera 

In  another s tudy aimed at ident i fying specific 
molecular interactions, a group of rabbits was im- 
munized with bovine serum albumin. These animals 
were compared with a controlled series in which the 
rabbits were not exposed to bovine serum albumin. 
As an additional control, the 7-globulin from both 
serum and animals was tested against  an a-globulin 
monofilm as well as against the bovine serum albumin 
monofilm. The a-globulin f rac t ion presumably does 
not par t ic ipate  in the immune phenomenon. I t  can 
be seen in Fig. 27 that, dur ing  the course of 100 days 
or more, the serum components have reactions in 
both albumin and a-globulin. The s tandard  amount 
of 7-globulin from control animals was relatively con- 

stant  for this entire period. The animals immunized 
against bovine serum albumin produced a 7-globulin 
which did not change in their reactivity to the a- 
globulin monofilm, but, in this instance, there was a 
substantial reduction in the percentage of expansion 
of the bovine serum albumin monolayer. This occurred 
parallel with the s tandard changes in immune body 
production, Fig. 28. 

D i s c u s s i o n  

A large number  of proteins may be spread in a 
mono]ayer at the air-water interface. This can be 
done in a highly reproducible way  even though the 
new configuration for the protein is in many  respects 
uncertain. I t  is possible however to predict  that  the 
new configuration involves a selective repositioning 
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FIG. 29. Soluble molecules with separa t ion  of clusters. 
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FIG. 30. Interactions with no area change. 
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of the hydrophil ic groups so that  they point down into 
the water phase. 

For  operational convenience, the protein monofilm 
may be looked upon as a kind of elastic sheet with 
reactive sites dangl ing from one surface. These reac- 
tive sites must  form clusters which are tied together 
by the polypeptide chains. I f  the elastic sheet is 
stretched (the fihn expanded) ,  the individual com- 
ponents of each cluster will separate from each other. 
I t  is probable tha t  the location of any one reactive 
site is really a statistical expression to describe the 
probabili ty of any  one position for the site at any 
given time. There are also many  configurations which 
are highly improbable. 

For  these reasons it has seemed useful to keep the 
distribution statistics as simple as possible. To do 
this, it is necessary that  expansion or contraction of 
each cluster, as a result of pressure changes trans- 
mitted through the fihn, be minimized. Findings 
demonstrate tha t  there is a substantial difference be- 
tween isobaric and isometric conditions in the 
monofilm. 

Several kinds of molecular interaction with the 
nlonofilm may be visualized. There may be soluble 
molecules in which the clusters are separated from 
each other (Fig. 29). There may be interactions in 
which the fit of each cluster to the soluble protein is 
so close that  no area change occurs, as with the reac- 
tion of some fibrinogen molecules (Fig. 30) with 
thrombin. There may  be interactions in which each 
cluster comes close enough to the fit on the soluble 
protein but in which the difference in fit does require 
an expansion of the area subtended by the cluster. 
The film will expand against  a constant pressure as 
a consequence. There may be (Fig. 31) a placement 
of the soluble protein in the interface. Such a phenom- 
enon is the most likely explanation for the force area 
curve effects of insulin and  y-globulin (Fig. 32). In 
these cases the collapse pressure of mixed films may 
be altered. 

A kind of specificity in the interaction of molecules 
in an interface with molecules in a subsolution has 
been reported by others (14-16).  We have previously 
reported on the specificity of the interaction of pro- 

tein monofilms and soluble protein in the aqueous 
phase (10,11). This repor t  extends these observations. 

I t  can be shown that  positions 8, 9, and 10 on the 
insulin ruolecu]e modifies the interaction. I t  can be 
shown tha t  the product ion of immune ~-globulin alters 
the y-globulin complex of a series of animals so that  
the isobaric interaction with a protein monofilm is 
substantial ly altered. I n  the case of ~-globulin pro- 
duced as a result of immune stimulation, one may  
observe that  F reund ' s  ad juvant ,  an impor tant  tech- 
nique to augment  immune response, has an enormous 
oil-water interface. F rom what is known of protein 
behavior at an interface, the protein antigen must  be 
collected in large par t  at these interfaces in the 
F reund ' s  emulsion. I t  can be shown that  the existence 
of a group of na tura l  antibodies to nucleoprotein is 
associated with a change in the isobaric behavior of 
the sera to nueleoproteiu monofihns. 

All of these interactions depend on the p H  and 
the nature of buffer ions. One can only speculate on 
the molecular configurations involved in these inter- 
actions, but  there are a number  of lines of evidence 
which par t ly  identify the na ture  of the "speci fc"  
interaction. 
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Discussion 

DR. I-IAYDON : T h a n k  you  very  much,  Dr.  Arnold,  
for  tha t  persuasive account  of pro te in  interact ions a t  
i n t e r f ace s - - i t  is obviously a very  complicated question. 

DR. S.~IALL: Concerning your  first model of the 
expansion of the pro te in  monolayer ,  cannot  penet ra-  
tion of the monolayer  explain the da ta?  H a v e  you 
measured changes in surface  potent ia l  or surface  
viscosity? These techniques might  give some clue 
as to the type  of in teract ion going on in the monolayer.  

DR. ARNOLD : Well,  we have not, as you have noticed, 
indicated what  kind of molecular  association occurs 
here. The specificity, I thought,  was demons t ra t ed  by  
s tabi l i ty  of mixed films. The specificity will not  show 
the dipole-dipole interact ions,  but  there is faci l i ta ted 
en t ry  if  no th ing  more if  one film enters  another.  The 
evidence I showed you  has to be sufficient otherwise 
I cannot  prove  to you  tha t  these are specific inter-  
actions. 

DR. HAYDON: I should like to point  out tha t  there 
is a problem in dis t inguishing between effects due to 
prote in-prote in  in te rac t ion  and  effects due merely  
to the in terac t ion  of the second pro te in  wi th  the 
a i r / w a t e r  interface.  

DR. ARNOLD: I th ink  tha t  is quite true.  I t  seems 
to me we did presen t  evidence on this point  which is 
tha t  we studied the effect of the pro te in  enter ing  its 
own monofilm. A pro te in  enter ing its own monofilm 
gives us quite a different k ind  of resul t  than  prote ins  
which can interact .  You are quite correct  in s ta t ing 
tha t  any  prote in  will enter  a monofilm up  to a certain 
pressure,  which is p robab l y  near  or a t  the collapse 

pressure of its own monofilm. I f  you have a second 
monofilm with different  characteristics,  the behavior  
is different, and  the in terac t ion  is quite different. 

DR. SMALL: Cer ta inly ,  appa ren t l y  conflicting re- 
sults m a y  arise f rom differences of method. Dr. 
Arnold  is using the inject ion technique, tha t  is, in- 
ject ing a substance unde r  a monolayer  spread  at a 
given pressure and  measur ing  area change a t  that  
constant pressure.  The way  one measures the con- 
densation effect of the cholesterol is to add a given 
mixture  to the sur face  and  s tudy  the isotherm. No 
injection technique is involved. Condensation is 
present  if the area  of the mixed fihn is less than  the 
sum of the areas  of the two separate  species. The 
two techniques give different kinds of data. 

D~. CI~ARLES Y. C. PAK (National  Ins t i tu tes  of 
t Ieal th,  Bethesda,  Md . ) :  I would like to make the 
following comments  regard ing  the specific monofilm 
expansion, which migh t  answer  some of the questions 
raised so far.  F i r s t ,  the specific monofilm expansion 
is a calculated value,  unlike the total and nonspecifie 
expansions which were d i rec t ly  determined experi- 
mentally.  Thus the contention tha t  it represents  the 
difference between the total  and  nonspeeific expan- 
sions cannot  be tested directly.  Second, the specific 
monofilm expansion was shown to be first-order, where- 
as the other two types  of expansions were not. Fu r -  
ther,  in most of the exper iments  repor ted here, the 
specific monofilm expansion reaches the m a x i m u m  
value at  about  30 rain, whereas the other expansions 
show a continued rise. Thus,  most  of our exper iments  
were per formed for  30 min. 


