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Summary 

A three-stage procedure was used to isolate an additional proteinase inhibitor 
in rat plasma tentatively called ~- inhib i tor  III. A 20% yield was obtained after 
two successive gel filtrations on Ultrogel Ac-A. 33--4 followed by an ion- 
exchange chromatography on DEAE-cellulose. This method was chosen since it 
permits further study of  the enzyme binding properties of the isolated mole- 
cule. The purified material was first controlled to retain an inhibiting capacity 
towards serine proteinases using bovine chymotrypsin.  The isolated molecule 

b~1% has an apparent molecular weight of  215 000, a pI of  4.65, an ~lcm, 280nm of 
7.50 and a sedimentation coefficient of  8.6 S. It contains approx. 15% carbo- 
hydrates and is made up of a single peptidic chain. Study of  the periodic struc- 
ture by circular dichroism has demonstrated a low s-helix content  (4--5%) 
whereas the fl-sheet conformation accounts for approx. 30% of the peptidic 
moiety.  Tryptophan residues have been shown to be mainly responsible for the 
molecular fluorescence most of  them being non-accessible to the solvent since 
only 25% of the t ryptophanyl  fluorescence was quenched in presence of  I-. 

Studies on the mechanism of  proteinase inhibitors have been carried out  in 
this laboratory using rat serum, to determine the competitive or cooperative 
effects occurring between the main proteinase inhibitors [1,2]. During the 
course of purification of  these inhibitors i.e. ~l-macroglobulin, ~lproteinase 
inhibitor and ~2 acute phase macroglobulin an additional quantitatively 
important  inhibitor was demonstrated and isolated [3]. This inhibitor tenta- 
tively called ~ 1-inhibitor III (since it represents the third inhibitor with an ~1 
electrophoretic mobili ty described in rat plasma), seems to be identical with a 
trypsin and chymotrypsin  rat plasma binding factor previously mentioned [4]. 
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The s tudy of  the enzyme binding properties of  this inhibitor have shown it to 
bind and inhibit a variety of heterologous as well as homologous pancreatic 
proteases including anodal and cathodal trypsins, chymotrypsins and elastase 
[1,2].  

The present paper deals with the physicochemical characterization of  this 
protein in order to determine its biological significance in the general mecha- 
nism of binding and elimination of  proteases. 

Experimental 

Isolation procedure 
Modifications of  a previously described method [3] were used to enhance 

the preparation stability. These modifications, including a change in pH condi- 
tions and avoiding the use of  (NH4)2SO4, were necessary to study the enzyme 
binding properties of  isolated ~ 1-inhibitor III. 

Citrated blood was collected from four normal adult rats and was made 
10-SM with soybean trypsin inhibitor (Sigma), 3"  10-3M NAN3, 5" 10 -3 M 
EDTA. After centrifugation, about  25 ml of  plasma were submitted to the first 
step of  gel filtration on Ultrogel Ac.A. 3--4 (IBF reactants Pharmindustrie). 
This step as well as the following chromatographic fractionations were carried 
out  at 4°C. The Ultrogel column (5 X 50 cm) was equilibrated with 0.05 M Tris- 
HC1, (pH 7.4)/0.15 M NaC1 (flow rate, 20 ml/h). Chymotrypsin-inhibiting 
capacity of  eluted fractions was determined using bovine ~-chymotrypsin 
(Sigma 3-times crystallized) and N-acetyl-L-tyrosine ethyl ester as a substrate 
according to the method of  Berthillier [5].  Experimental conditions were 
applied as described earlier [6] with the exception of  the following change: 
10pl of  eluted fractions were incubated with 8.5 • 10 -8 mol of  chymotrypsin 
before recording spectrophotometrical ly the enzymatic activity. ~ l-inhibitor III 
was identified in the third eluted peak (Fig. l a )  by  electroimmunoassay [7] 
using specific antibodies prepared from the previously described inhibitor isola- 
tion [3].  ~- inhibi tor  III containing fractions were then analysed by polyacryl- 
amide gel electrophoresis [8] and these fractions in part, corresponding to 
about  70% of the total inhibitor content  (shaded area of  Fig. la )  were pooled 
then concentrated to 10 ml by ultrafiltration using an Amicon UM 10 mem- 
brane. This volume was then submitted to the second step of  gel filtration using 
the same experimental conditions. Eluted fractions (Fig. l b )  were analysed 
electrophoretically as noted before and a part of  the eluted peak (shaded area 
of  Fig. l b )  corresponding to about  40% of  the initial inhibitor content  was 
dialyzed against 0.05 M Tris-HC1 buffer,  (pH 7.4)/0.05 M NaC1 and applied to 
a column (2 X 10 cm) of  DEAE-cellulose (Whatman DE-52) equilibrated in the 
same buffer. A stepwise NaC1 gradient (0.05 M, 0.1 M and 0.15 M) was used to 
carry out  the elution. 

Fractions of  the second eluted peak (Fig. l c )  were pooled,  concentrated and 
then controlled for puri ty and protease-binding properties. Polyacrylamide gel 
electrophoresis [8] and crossed immunoelectrophoresis [9] using anti-whole- 
rat serum (Behringwerke Marburg/Lahn) were chosen as criteria of  purity;  the 
chymotrypsin-inhibiting proper ty  was analysed according to the aforemen- 
t ioned method  of  Berthillier [5].  
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) E lu t ion  p a t t e r n  at  280  n m  of  wh o le  p lasma  a f t e r  
Ul t roge l  A c .A .  3- -4  c h r o m a t o g r a p h y  a nd  ( . . . . . .  ) p e r c e n t a g e  of  c h y m o t r y p s i n  inh ib i t ion .  (b)  E lu t ion  
p a t t e r n  o f  the  shaded  f r ac t ion  of  (a) a f t e r  c o n c e n t r a t i o n  using the  s a m e  c h r o m a t o g r a p h i c  m e d i u m .  (c) 
E lu t ion  p a t t e r n  of  t he  shaded  f r ac t ion  of  (b)  a f t e r  i on -exchange  c h r o m a t o g r a p h y .  The  d is tance  b e t w e e n  
a r rows  in (a) and  (b)  ind ica tes  the  area  in wh ich  ~ l " i n h i b i t o r  I I I  was  d e t e c t e d  b y  e l e c t r o i m m u n o a s s a y .  

Analytical methods 
Isoelectric focusing. Experiments were carried out  according to Wrigley [10] 

on polyacrylamide gels (4.7% acrylamide, 2.6% bisacrylamide) containing 2.4% 
ampholytes  (LKB Ampholine pH range 4.0--6.5). Four identical samples were 
analysed simultaneously, two were stained after the protein had focused. The 
other  two were cut  into 4 mm thick slices and allowed to diffuse for several 
hours in 1 ml of  deionized water before we measured their pH. An alternative 
procedure was to use the commercially available Ampholine plates (LKB pH 
4.0--6.5) following the recommended  procedure,  pH measurements were made 
using a contact  electrode. 

Reduct ion and alkylation were made according to Raftery and Cole [11] 
using fl-mercaptoethanol and ethyleneimine in 8 M urea. 

Molecular weight. The molecular weight of  a~-inhibitor III was calculated 
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using polyacrylamide gel electrophoresis with sodium dodecyl  sulfate as 
described by Weber and Osborn [12] using 4.4% gels. All marker proteins were 
commercially available (Pharmacia electrophoresis calibration kit, Boehringer 
combiteck)  and were over the Mr range 18 500--330 000. 

Extinction coefficient. This was measured using a Beckman 25 spectro- 
photometer  at 280 nm. The protein solution (1 mg/ml) was dialysed exten- 
sively against deionized water before determining its absorbance. A precise 
volume of  6 ml was then dessicated at 60°C under an increasing vacuum and 
weighed until the minimal value was obtained. 

Sedimentation values. Values were obtained as described earlier [13].  ~ -  
inhibitor III solutions (1.6--6 mg/ml) were dialyzed against 0.05 M Tris-HC1, 
pH 7.8/0.1 M NaC1 prior to ultracentrifugation. 

Circular dichroism spectra. Spectra were measured with a Mark III 
dicrograph (Jobin-Yvon) equipped with a temperature controlled sample cell 
holder. 2 mm cells were maintained at 20°C. 

The protein solution (0.17 mg/ml in 0.1 M Tris-HC1 buffer, pH 7.8) was 
filtered through a 0.45 ~m membrane (Millipore). The ellipticity curves were 
drawn taking average values from two recordings and expressed as mean residue 
ellipticities (deg.  cm 2. dmo1-1) taking a mean residue weight of  110 as cal- 
culated from amino acid composit ion.  

The helical and ~-structure contents of  ~- inhib i tor  III were first determined 
as described by  Chen et al. [14] and then by using a similar method with nine 
reference spectra [ 15 ]. 

Fluorescence. The emission and absorption spectra were recorded on a 
double beam spectrofluorimeter Fika 55 MK coupled to a Houston recorder 
2000. ~- inhib i tor  III (0.06 mg/ml) was centrifugated at 12 000 × g  for 20 min 
prior to use. Fluorescence quenching by I- and guanidinium chloride was 
performed according to Lehrer [16].  

Amino acid and carbohydrate analyses. Amounts  of  1 mg of  ~- inhib i tor  III 
were hydrolysed for periods of  24, 48 and 72 h in 1 ml of  5.6 M HC1 at l l 0 ° C .  
Half-cystine was determined as cysteic acid as described by  Hirs [17].  Trypto- 
phan was calculated after hydrolysis by  p-toluene sulfonic acid according to 
Liu and Chang [18].  

N-terminal amino acid was determined by the dansyl technique described by  
Gros and Labouesse [19].  Dansyl amino acids (Serva) were used as standards. 
Sugar analysis was made by GLC according to Reinhold et al. [ 20 ]. Sialic acid 
was determined by  the method of  Aminoff  [ 21].  

Results 

Purity o f  al-inhibitor III. The Fig. 2a shows the electrophoretic patterns of 
the preparation on polyacrylamide gels after each stage of  purification, a l-inhib- 
itor III (3 mg/ml) appears as a single band after the last step of  ion-exchange 
chromatography.  The recovery of  a ~-inhibitor III after this last step is about  
20% as evaluated by electroimmunoassay [7].  The crossed immunoelectro- 
phoretic pattern of  purified al-inhibitor III shows only one peak of  precipita- 
t ion with an a l-mobility against anti-whole-rat serum (Fig. 2b). 

Proteases inhibiting capacity. The percentage of  chymotrypsin inhibition 
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Fig. 2. Purity of ~ l ' i n h i b i t o r  III. (a) Disc electrophoresis  of the preparat ion after  the different  stages of 
purif icat ion:  (1) whole plasma; (2) ~ l - inh ib i to r  III  af ter  the Ultrogel Ac.A. 3--4 chromatography and (3) 
after  second Ultrogel Ac.A. 3--4 chromatography.  (4) purified material  af ter  ion exchange chromatog- 
raphy.  (b) Crossed immunoelec t rophores is  of whole plasma and purif ied ~ l - inh ib i to r  III against anti- 
whole-rat serum. Electrophoret ic  pat terns  of normal  plasma and ~ l - inh lb i to r  III are given for reference. 
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Fig.  3.  C h y m o t r y p s i n  i n h i b i t i o n  b y  inc reas ing  a m o u n t s  o f  c~ 1 - inh ib i to r  n I  us ing  N - a c e t y l - L - t y r o s i n e - e t h y l -  

e s t e r  as a su b s t r a t e .  1.7 • 10 -7 m m o l  of  c h y m o t r y p s i n  were  i n c u b a t e d  fo r  2 m i n  at  3 7 ° C  w i t h  ~ l - i n h i b i t o r  
I I I  (0 - -8 .0  • 10 -7 m m o l )  in  0 . 0 5  M Tris-HC1 b u f f e r ,  p H  7 . 4 / 0 . 0 5  M CAC12/0.15 M NaCl  to  give a f inal  

v o l u m e  o f  3 ml .  The  r e a c t i o n  was s t a r t ed  by  the  a d d i t i o n  o f  0 .2  ml  o f  s u b s t r a t e  and  the  h y d r o l y s i s  r a t e  

was  fo l l owed  s p e c t r o p h o t o m e t r i c a l l y  fo r  3 ra in  at  237  n m .  

with respect to increasing amounts of  inhibitor is plotted on Fig. 3. No total 
inhibition of  chymotrypsin was recorded even with a 4-fold molar excess of  
inhibitor, thus suggesting the complex to be esterolytically active. The con- 
firmation of this hypothesis was given by the demonstrat ion of  an esterolytic 
activity associated to the inhibitor after an electrophoretic separation of the 
complex on polyacrylamide gel (unpublished data). The observation on Fig. 3 
that  the maximal inhibition (about 60% of the free enzyme activity) is reached 
when 1.78 • 10 -7 mmol of inhibitor were reacted with 1.7 • 10 -7 mmol chymo- 
trypsin suggest the existence of a 1 : 1 binding ratio. 

Molecular weight. The apparent molecular weight of the protein was found 
to be 215000 after SDS polyacrylamide gel electrophoresis. The same value 
was obtained after prior reduction by 0.1 M/3-mercaptoethanol or after reduc- 
tion-alkylation in 8 M urea (Fig. 4) indicating the protein to be a single chain. 

Isoelectric point .  After focusing on polyacrylamide gel, two close bands were 
seen on the stained samples. The most important  was located at pH 4.65 and 
the minor band at pH 4.60. Evidence for heterogeneity of  the a 1-inhibitor III 
was not,  however, demonstrated since the minor band when compared to the 
other appeared as being very faint and consequently could be a contaminant.  

Extinction coefficient. The dessicated protein was weighed several times and 
only the minimal value was taken into account. A sample containing the same 
volume of the last dialysis bath was treated under the same conditions to 
correct the weight value of the dessicated protein. ~1~ ~C' lcm,  2 8 0 n m  w a s  found to be 
7.50. 

Sedimentation coefficient. The values of 0 S20,w were determined at three 
different concentrations of ~l-inhibitor III. Extrapolation to zero concentra- 
tion gave a value S°o.w = 8.60 S. 

Amino acid and carbohydrate compositions. The N-terminal amino acid 
analysis has permitted the identification of  only one amino acid, e.g. glycine, in 
the dansylated protein hydrolysate after comparison with standard dansyl 
amino acids. This is in agreement with the presence of a single peptidic chain 
after SDS polyacrylamide analysis of the reduced and alkylated protein. 
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Fig.  4 .  Disc gel e l e c t r o p h o r e s i s  in  p r e s e n c e  o f  s o d i u m  d o d e c y l  su l f a t e .  (a)  M a r k e r  p r o t e i n s  ( P h a r m a c i a  h igh  
M r c a l i b r a t i o n  k i t ) .  (b)  M a r k e r  p r o t e i n s  a d d e d  t o  ~ 1 - i n h i b i t o r  III .  (e) a l - i n h i b i t o r  III.  All  t h e  s a m p l e s  we re  
r e d u c e d  by' ~3 -mercap toe thano l .  E l e c t r o p h o r e s i s  was  c a r r i e d  o u t  o n  4 .4% p o l y a c r y l a m i d e  gels c o n t a i n i n g  
0 . 1 %  s o d i u m  d o d e c y l  su l f a t e .  

The overall amino acid composition is given in Table I; values were cal- 
culated from duplicate analyses at 24, 48 and 72 h. 

Carbohydrates accounted for 15% of the dry weight of  the al-inhibitor III 
molecule (Table I). 

Circular dichroism. Fig. 5 shows the characteristic far ultraviolet CD 
spectrum of  the glycoprotein with a maximum at 216 nm indicating a ~-sheet 
conformation.  Four successive analyses have been carried out  wi thout  taking 
into account the carbohydrate moiety.  Whatever the reference spectra used, the 
a-helical content  appears to be very low (4--5%). The estimation of  the/]-sheet 
conformat ion was much more imprecise since in addition to the proper limita- 
t ion of  the technique in protein structure determination, the glycoprotein 
contains a rather high level of  sialic acid and acetylglucosamine (Table I) the 
acetamido and carboxylate groups of  which contribute to the CD spectrum 
[22,23]. A mean value of  30% was obtained for the fl-sheet content  of the 
protein. 

Fluorescence. The analysis of the fluorescence spectra gives valuable infor- 
mation on the t ryptophan environment of  the inhibitor since this amino acid is 
mainly responsible for the protein fluorescence. The maximal emission was 
recorded at 338 nm after the inhibitor solution was excited at 280 nm and 290 
nm. This indicates a relatively non-polar environment.  By studying protein 
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HC1 E X C E P T  W H E R E  N O T E D  

F i g u r e s  i n  p a r e n t h e s e s  i n d i c a t e  t h e  n u m b e r  o f  t i m e s  t h a t  e ach  a n a l y s i s  was  p e r f o r m e d .  

C o m p o n e n t  T i m e  o f  h y d r o l y s i s  

2 4  h 4 8  h 7 2  h r e s i d u e s / m o l e c u l e  o f  

(2) (2) (2) 215 000 

L y s i n e  1 0 4 . 4  1 0 1 . 9  1 0 8 . 3  1 0 5  

H i s t i d i n e  3 7 . 2  3 9 . 7  4 0 . 0  39  

A r g i n i n e  3 9 . 9  4 2 . 0  3 8 . 3  4 0  

A s p a r t i c  a c i d  1 6 1 . 4  1 5 5 . 0  1 5 3 . 3  1 5 7  

T h r e o n i n e  1 0 2 . 5  1 0 4 . 5  1 0 1 . 0  1 0 3  a 

S e r i n e  1 3 9 . 6  1 2 7 . 3  1 1 4 . 0  1 5 2  a 

G l u t a m i c  ac id  1 9 0 . 7  1 9 3 . 5  1 9 6 . 0  1 9 3  

P r o l i n e  1 1 6 . 3  1 1 2 . 1  1 1 9 . 9  1 1 6  

G l y c i n e  8 7 . 5  9 0 . 4  1 0 0 . 1  9 3  

A l a n i n e  1 0 9 . 0  1 0 2 . 2  1 1 6 . 3  1 0 9  

1 / 2 - C y s t i n e  (4 )  - -  - -  - -  4 7  c 

V a l i n e  1 0 8 . 6  1 1 8 . 6  1 3 4 . 9  1 2 1  

M e t h i o n i n e  1 9 . 3  1 7 . 9  1 9 . 5  19  

I s o l e u c i n e  6 4 . 8  6 9 . 9  7 7 . 7  7 8  b 

L e u c i n e  1 5 1 . 2  1 5 6 . 0  1 6 3 . 7  1 6 4  b 

T y r o s i n e  5 6 . 7  5 8 . 2  4 6 . 1  54  

P h e n y l a l a n i n e  6 1 . 8  6 7 .9  7 1 . 0  6 7 

T r y p t o p h a n  (2)  - -  - -  - -  9 d 

N - A c e t y l  g l u c o s a m i n e  (4 )  - -  - -  - -  5 8  e 

G a l a c t o s e  ( 4 )  - -  - -  - -  39  e 

M a n n o s e  (4)  - -  - -  - -  2 8  e 

F u c o s e  ( 4 )  - -  - -  - -  t r a c e s  

S ia l ic  a c i d  (2)  - -  - -  - -  3 3  f 

a By e x t r a p o l a t i o n  t o  ze ro  h y d r o l y s i s  t i m e .  

b M e a n  v a l u e  o f  72  h h y d r o l y s a t e .  

c A f t e r  p e r f o r m i c  o x i d a t i o n .  

d D e t e r m i n e d  b y  p a r a t o l u e n e  s u l f o n i c  ac id  h y d r o l y s i s .  

e D e t e r m i n e d  b y  G L C .  

f D e t e r m i n e d  a c c o r d i n g  t o  A m i n o f f  [ 1 9 ] .  

fluorescence-quenching in the presence of  I- (Fig. 6), only 20--25% of the 
fluorescence intensity was quenched, indicating a large part of  t ryptophan 
residues to be nonaccessible to the solvent, whereas in 6 M guanidinium 
chloride all the fluorescence intensity was quenched. 

Discussion 

The purification of  a,-inhibitor III was carried ou t  using a rapid procedure 
which permits a further investigation of  its enzyme binding capacity. This 
proper ty  appears to be at the moment  the only known biological function of 
this molecule. The purity of  the protein after the last step of  purification was 
similar to that  obtained using the previously described method [3],  but  the 
stability was greatly enhanced. Polymeric forms of  the inhibitor which 
appeared spontaneously with time by using the former technique,  necessitated 
a repurification, whereas a stable preparation available for 6--8 days when kept 
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w a s  c a l c u l a t e d  f r o m  f o u r  r e c o r d i n g s .  F o r  f u r t h e r  de ta i l s  see u n d e r  E x p e r i m e n t a l .  

at 4 °C was obtained using this new procedure.  This type  of  storage was used to 
s tudy the enzyme binding properties of  the a 1-inhibitor III molecule. The main 
physicochemical  properties of  the molecule are summarized in Table II. A 
characteristic of  this glycoprotein is that  it is made of  a single peptidic chain in 
spite of  its rather high molecular weight. This fact was deduced from SDS 
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Fig .  6 .  M o d i f i e d  S t e r n - V o l m e r  p l o t  o f  t h e  q u e n c h i n g  o f  ( ~ l ' i n h i b i t o r  III f l u o r e s c e n c e  b y  i o d i d e  in  0 . 0 5  M 
Tris-HC1 b u f f e r ,  ( p H  7 . 4 ) / 0 . 1 5  M N a C 1 / 3 . 1 0  -3  M N a N  3 (a)  a n d  in  6 M g u a n i d i n i u m  h y d r o c h l o r i d e  (b)  
( e x c i t a t i o n ,  2 9 0  n m  2 0 ° C ;  e m i s s i o n ,  3 5 0  n m ,  a 1 - i n h i b i t o r  III c o n c e n t r a t i o n  0 . 1 5  m g / m l ) .  
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T A B L E  II 

M o l e c u l a r  w e i g h t  
Isoe lectr ic  p o i n t  
Spec i f i c  a b s o r p t i o n  c o e f f i c i e n t  (Ell% m 2 8 0  n m  ) 
S e d i m e n t a t i o n  c o e f f i c i e n t  (S~o,w)  ' 
N u m b e r  o f  p e p t i d i c  c h a i n s  
N - t e r m i n a i  a m i n o  ac id  
C a r b o h y d r a t e  c o n t e n t  (%) 

2 1 5 0 0 0  
4 . 6 5  
7 .5  
8 .6  
1 

Gly  
1 5  

electrophoresis after prior reduction or reduction and alkylation in 8 M urea of 
the protein. This polypept ide chain possesses a N-terminal residue identified as 
glycine after analysis of  the dansylated protein hydrolysate.  Such a single chain 
in the presence of  reducing agents was also found for human inter- s-inhibitor 
[24],  whose molecular weight is close to that  of  ~l-inhibitor III and that we 
have previously ment ioned as being the possible human homologue of  this rat 
inhibitor [3].  

CD analysis has demonstrated the low s-helix content  in the inhibitor 
molecule whereas the fl-sheet accounts for about  30% of its peptidic moiety;  
65% of the molecule corresponds to an aperiodic conformation.  When com- 
pared to other proteinase inhibitors studied using CD, this type  of  structure 
ressembles more that of  ~-macroglobulin than that of  ~l-proteinase inhibi- 
tor; the former was found to have a very low s-helix content  [25] whereas the 
latter contains 16--20% of s-helix [26].  No clear relationship between the 
structural analysis and the proteinase binding ability can be however estab- 
lished, but  advantage can be taken from the CD analysis to s tudy the conforma- 
tional changes of  the inhibitor when it reacts with proteolyt ic  enzymes. 
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