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ABSTRACT --------
To overcome the low antigenicity of insulin due to 

its relatively low molecular weight, its close resemblance among 

different species and its h3~oglycemic effect, insulin was 

coupled - as if it were a hapten - to bovine serum albumin via , 

tOlYlene-2,4-diisocyanate. The resulting insulin-BSA 

conjugates were immunogenic in aIl rabbi ts'''üS'ed in this study, 

and the corresponding antibodies were readily demonstrated by 

precipitin, passive hemagglut inat ion , immunoelectrophoresis and 

immunodiffusion procedures~ 

For the unequivocal demonstration that the antibodies 
had been producedagainst the determinant groups of the insulin 

mole cule , the immunological reactions were inhibited with a 

free, highly soluble insulin derivative produced by coupling to 

sodium 4-fluoro-3-nitrobenzene sulphonate. 

The disulphide bonds were reduced electrolytically at 

a constant cathode voltage, the extent of the reduction being 

determined amperometrically~ It was shown by paper electro­

phoresis, ion-exchange chromatography, amino acid analysis and 

analytical ultracentrifugation that the two interchain S-S bonds 

were preferentially reduced and that the intrachain S-S bond was 

r~duced at a more negative cathode voltage. The products of 
reduction were purified by chromatography on Sephadex G-75. 

Neither the B chain nor the··.totally reduced A chain was 
immunologically active, as demonstrated by their inability to 

combine in vitro with anti-insulin antibodies. However, the A 
chain with the intrachain S-S bond intact was shown to retain 

its combining capacity with antibodies to insulin and to be 
univalent, and its antigenic determinant was located at A6 -AlI, 

i.e. in a region encompassing the intrachain S-S bond. 
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GENERAL INTRODUCTION 

Immunology grew out of the common knowledge that 

those who survived an infectious disease se1dom contracted the 

same disease againduring their 11fe~ime" As early as the 

15th century, the pl'actice of prophylaxis for sma11pox by 

sniffing dried powders of smal1pox crusts was recognized. 

However, the idea of artificial immunization was not introduced 

until the end of the 18th century, when Edward Jenner embarked 

methodica1ly on experiments to test the popu1ar view of the 

prophylactic power of cowpox (vaccination) in preventing sub-

s,equently smallpox. This concept was further extended by the 

work of Pasteur (1) and Kraus (2) who showed that the resistance 

to certain diseases could be developed not only by exposure to 

the intact bacteria but also to their 'attenuated l cultures, 

extracts or toxins. 

The search for the explanation of this remarkable 

phenomenon led to the discovery of a peculiar sort of globulin 

in the blood serum of the animaIs which had been exposed to an 

infectious organism (3). These globular proteins were termed 

antibodies and were shown to possess the unique property of 

combining specifically with the bacterium which elicited their 

production. Similarly, it was shown that the formation of 

specifie antibodies could be elicited by the injection of high 
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molecUlar weight substances which were foreign to the body. 

The foreign materials which stimulate antibody formation are 

termed antigens. 

PROPERTIES OF ANTIGEN 

Besides the intact bacteria and their soluble 

extracts or toxins, innocuous substances such as blood cells, 

serum proteins or tissue extracts of one species are capable of 

stimulating antibody formation on injection into an animal of a 

different species. In addition, there are many other sub-

stances such as protein conjugates (4), polysaccharides (5), 

lipids (6), and nucleic acids (7), which can act as antlgens. 

More recently, it has been shown that synthetic polymers such 

as polyvlnylpyrrolidone (8) and polypeptides (9) are also antft-

genic. Although these antigens are diverse in their chemical 

nature, they share the distinct feature of being macromolecUles. 

In addition to relatively high molecular weight, it 

seems that for a molecule to be antigenic it must have a stable 

structure. In the study of the antigenicity of gelatine, Sela 

and Arnon (10-12) have demonstrated that gelatine by itself was 

onlY weakly antigenic; however, conjugation of gelatine with 

tyrosine, tryptophan or phenylalanine was found to enhance 

greatly its antigenicity. On the other hand, the specificity 

of a native protein was found to be completely abolished when 

the protein was substituted to near saturation. Thus, the 

introduction of more than 100 groups of phenyl arsonate per 
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molecule of globulin (13), or saturation of a globulin molecule 

with 2,4-dinitrophenyl residues (14) destroyed the antigenic 

specificity of the globuline 

Low molecular weight substances with well-defined 

chemical structures are .incapable ot stimulating antibody 

formation by themselves, but become immunogenic after covalent 

binding to suitable.carrier macromolecules. To distingu1sh 

these compounds from true antigens, Landsteiner (15) coined the 

term 'hapten' (from the Greek = to bind) for these substances. 

The use of haptens in immunology has in fact provided the 

molecular basis for the tU1Qerstanding of the specificity of 

antigen-antibody reactions and the concept that antibody 

combining sites were configurationally complemeritary to small 

chemical groups of the antigen molecule and not to the antigen 

molecule as a whole. 

As· already mentioned, for a substance to be antigenic, 

it has to be foreign to the host. However, an artificial 

antigen can be also made by coupling a compound normally found 

in the host's organism to a carrier protein, which upon 

injection into the host is capable of elicit1ng the formation 

of antibodies to both the 'auto-hapten ' and to the determinant 

groups of the carrier macromolecule. 

PROPERTIES OF ÂNTIBODY 

Classification of antibodies 

Antibodies in man and several mammalian species can 

be subdivided into three main classes of Ig (immunoglobulin) 
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which are known as IgG, IgA and IgM. While the classes of Ig 

differ considerablY in physical and chemical properties 

(table I), they aIl appear to have a basically similar four­

chain structure (i. e 0 two hE::avy chains and two light cha.ins), 

which is polymerized to a diff~rent extent to form IgA and IgM. 

The heavy chains of these three main classes of immunoglobulin 

are structurally di stinct and are referred to as '(, 0( andfL' 

respectively.". In contrast, the light chains from aIl classes 

of human Ig fall into two antigenically distinct and chemically 

different forms known as k and". A normal human serum 

contains about 60% K - and. 30% >. -cha~ns wi th a smaller amount 

of light chains possessing neither antigenic determinant ." 

. A fourth 'class in human serum (IgD). disco'vered by 

Rowe and Fahey (16), represents less than one per cent of 

immunoglobulins. Recently~ a new class of immunoglobulin 

present in extremely low concentration, designated as IgE, was 

proposed to include skin-sensitizing antibodies found in various 

atopic patients. Originally, it was demonstrated that reagins 

did not belong to any of the known classes of immunoglobulinson 

the basis of their antigenic properties (17-21). Moreover, 

within the la st year it was shown that IgE had antigenic 

determinants in common with those of a new class of myeloma 

globulins, tentatively termed Ig-ND (22). 

General configuration of antibody Molecules 

The multichain structure of antibodies was established 

by Edelman (24) who showed that on reduction of human IgG in the 
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Table l 

SOME PROPERTIES OF THE MAIN CLASSES OF HUMAN Ig (23) 

Physicochemical properties 

%N 
% carbohydrate 

elects mobility pH 8.6 

(_10-5 cm2 V-1 s-l) 

molecUlar weight 

range of salting out 
(NH4)2S04 

Biological properties 

antibody activity 

antigenic determinants: 
specifie 

..common 

IgG 

15.6 

3.0 

-0.6 to +3.0 

150.000 

1.49 - 1.64 M 

IgG 

+ 

r 
k,Â 

IgA IgM 

16.2 14.5 

10 .. 0 . 10.0 

+1.2 to +3.6 about +2 

150pOOO 900.000 and 
400.000 

1.64 - 2.0 M 

IgA IgM 

+ + 

0(. ~ 

K:JÀ -{"l/\ 

~ 
~ 

V\ 
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presence of 6 M urea, approximately 15 disulphide bonds were 

split and the molecular weight decreased from about 150,000 to 

50,000. The products obtained were separable by chromatograph~ 

but were biologically inactive and insoluble in aqueous 

solutions (25). Reduction with 0.2 M mercaptoethanol at pH 

8.2 in the absence of ures led to splitting of 5 of the 20 

disulphide bonds present in immunoglobulin (26), but without 

alkylation the apparent molecular weight of the protein 

remained unchanged, and the capacity of the antibody to pre-

cipitate with the antigen was not altered. However, if the 

partially reduced and alkylated protein was dialysed against 

N-acetic or N-propionic acid, it dissociated into two fractions 

now referred to as heavy and light chains, which could be 

separated with 100 percent recovery by gel filtration on 

Sephadex G-75 columns. The heavy chains, having a molecular 

weight of 50,000, constituted three-fourths of the original 

molecule and the light chains with a molecular weight of 20,000 

made up the reste Complete reduction of aIl the disulphide 

bonds of either H or L chains in 6 M guanidine caused no 

further reduction in mOlecular weighto Conditions expected to 

split esterlike bonds also had nO'effect and, hence, it is 

probable that IgG consists of only two types of peptide 

chains (27). These results thus suggested that the molecule 

was made up of two heavy chains and two light chains. In 

addition, the carbohydrate appeared to be associated almost 

entirely with the heavy chain. 
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Amino acid analysis revealed that there was one 

S-carboxymethylcysteine residue per mole of li'ght chain. 

Since no dissociation of chains occurred without reduction, 

it was concluded that there was one disulphide bond between 

heavy and light chains (26) and that this was located at the 

C-terminal end of the human light chain (28). The heavy chain 

contained four S-carboxymethylcysteine residues per mole, 

indicating that these chafuns must be linked to each other by 

three of the disulphide bonds, the fourth joining onto a 11gh'!; 

chain (26). HO't'lever, subsequent investigations suggested that 

there might be only one disulphide bond joining the two heavy 

chains, and the other two disulphide bonds might be of the 

intra-chain type (29). At present the number and position of 

inter-heavy chain disulphide bonds remain uncertain. 

Enz:ymic fragmentation of immunoglobulin 

It was shown that digestion of rabbit immunoglobulins 

with cnystalline papain, activated by cysteine, resulted in 

their degradation into three fragments, which were separable by 

chromatography on carboxymethyl cellulose (30-32). These 

fragments represented over 90 percent of the original prote in, 

and were non-dialysable through Visking tubing. The largest 

of these three fragments (Fe) had a molecular weight of 50,000; 

this fragment lacked antibody-combining activity, but it 

carried most of the carbohydrate of the parent molecules and 

also the major antigenic determinants unique to this class of 
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immunoglobulins (33). The other two fragments (Fab), each 

having a molecular weight of 45,000, appeared to be almost 

identical in physica.l, chemica,l and immunological properties. 

The relative y~elds of these three fractions were found to be 

almost identical and, therefore, it seemed likely that a rabpit 

antibody molecule consisted of two identicalportions joined 

together to a third portion of' a quite different structure. 

It wasdemonstrated by Nisonoff et al. (34,35) that each of the 

Fab fragments had only one antibody combining site. 

Nisonoff et al. (34,36) showed that immunoglobulins 

could be degraded by the combined or successive actions of 

pepsin and reducing agents (suchas cysteine, thioglycolate, 

and 2-mercaptoethylamine) into fragments essentially similar to 

those obtained by papain digestion. Treatment with pepsin 

alone caused the reduction in the molecular weight of the 

antibody from 160,000 to 106,000 (37). The latter fragment, 

[F(ab ' )2]' was shown to be still bivalent and, on subsequent 

treatment with mercaptoethanol, was reduced into univalent 

fragments with a molecular weight of about 56,000. Thus, it 

was conceived that an antibody molecule consisted of two 

identical fragments, joined through a disulphide bridge, each 

having one antihody site and that a third fragment was linked 

to one or both of these fragments through peptide bonds. 

Antibody combining site 

The forces participating in the specifie reaction 
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between an antibody and antlgen are non-covalent and have been 

shown to be weak~ These forces result from the co-operative 

interactions of electrostatic attractions between charges of 

opposite sign, Van der Waal's forces, hydrogen bonds (38,39), 

and hydrophobie bonds (40). The co-operative interaction of 

all these forces is accompanied with a change in free energy 

(AF) ranging trom ~7 to -11 Kcal mole-l (41). The change in 

enthalpy has been found to be small or almost zero (within 

+ 2 Kcal/mole) and, therefore, the main contribution to the -
free energy term. AF. is represented by the term -TAS, i.e. the 

reaction is primarily entropy driven. This corresponds to a 

positive value (of about 20 e.u.) for the change in entropy for 

these association reactions. This has been interpreted as 

being due to the release of the water molecules, originally 

'frozen' on the surface of the combining sites, into the bulk 

of the solution. Only a few typftcal examples illustrating the 

participation of these different forces will be cited here. 

In s~me of the earlier studies, Pressman and Siegel (42) 

pointed out that an appropriate steric configuration of the 

hapten was the most important factor favouring binding of the 

hapten with homologous antibodies, and that as a result of this~ 

the maximum interplay of Van der Waal's forces could take place. 

Thus, 4-chlorophthalic acid was shown to be bound more strongly 

and 4-iodophthalic acid less strongly to antibodies homologous 

to the 4-azophthalate ion than phthalate ion itself. In the 

former case, it was postulated that the Van der Waal's 
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attraction was larger than steric hindrance due to the chlorine 

atom; conversely, the latter case was explained by assuming 

that the larger steric hindrànce of the iodine atom had 

outweighed the Van der Waal's forces which favoured binding. 

Evidence indicating the presence of a.c'lmTg~'d group in 

the antibody combining site of opposite sign to that of the 

determinant group,in ~he antigen Molecule was provided by 

Epstein and Singer (43). Using an~ibodies to the para-azo-

benzene arsonate group and a bivalent benzene arsonic acid 

+ they showed that -NH
3 

group of lysine had to be ionized 

for association to occur. 

On the other hand, formation of antibodies can be 

directed against non-ionizable haptens, 'such as the dinitro­

phenyl group (44), the free energy term{to-F) being of the SaIne 

order of magnitude, i.e. -Il Kcal mole-l ; 'it i8 likely that in 

these associations the participation of hydrophobie bonds i8 the 

predominant factor driving these reactions. These bonds would 

result from the tendency of the hydrophobie portions of the 

combining Molecules to aggregate with one another in water and, 

thus, reduce the surface are a exposed to the polar environment. 

Karush (45) studied the binding of variou8 Lacdyes* 

*e.g. p-(p-dimethylaminobenzeneazo)phenyl-~-lactoside 

o -Q-:N=NQ N(OR'>2 
o 
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and lactosides with anti-p-azophenyl-~-lactoside antibodies 

and showed that the dominant contribution to-the stability 

of the antibody-Lacdye complex stemmed from the interaction 

between the disaccharide portion and the protein, and concluded 

that in this case hydrogen bonding provided the main 

intermolecular cohesive force. 

Pressman et al. (46) were able to show that 

antibodies specifie to the para-azobenzene arsonate group did 

not react with apparently similar molecules in which the 

arsonate group was substituted by carboxylate, sulphonate, 

methyl arsonate or stibonate group, yet did show the same 

affinity for phosphoric acid derivatives. This demonstrated 

that the only hapten which could fit- the antibody site produced 

against the p-azobenzene arsonate ion was the corresponding 

azobenzene phosphonate derivatlve. which ëould be fltted into 

the combining site capable of accommodating the larger but 

otherwise similar,p-azobenzene arsonate ion. 

Pauling postulated in 1940 (47)". on the basis of 

rather limi ted data available at the time, that aIl anti bO,dy 

moleculespossessed polypeptide chains identical to those of 

normal globulins and differed only in the configuration of 

these chains; he ascrlbed the observed versatility of anti­

bodies, with respect to their complementariness to different 

antigens, to the existence of an extremely large number of 

accessible configurations. Furthermore, his postulate that an 

antibody molecule had at most two combining sites was verified 
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several years later by a number of .investigators (48-51). 
Moreover, the isolation of two ~ntibody fragments, each with a 
single combining site, also indicated very conv1ncingly that 
antibody molecules were bivalent (52)~ In addition, these 
two sites on a single moleculê always appeared to have the same 
sp~cificity (53-55).· 

The combining site is visualized as the three­
dimensional,surface ar~a of the antibody mo1ecUle which 1s 
directly involved in combination with the antigen. For example o 

there is ,evidenee that antibodies'consist of heterogeneous 
populations of molecules having combining sites of various 
siies (56). From studies of the inhibition of precipitation 
of dextran-antidextran complexes with a series of 1-6 linked 
oligosaeeharides of increasing chain length, it was:shown that 
the limit of inhibition was reached with a hexasaccharide (57-59). 
Althoug!l the most extended form of the determinant measures 

o ' 34 x 12 x 8 A, the exact shape of the antibody combi:ning site 
is not khown, sinee one can also visualize that the antibody 
may be directed against some partially fo1ded and compact form 
of the hexasaeeharide. Moreover, it is 1ikely that the anti-
body combining sites complementary to the hexasaecharide may 
havedifferent ,shapes directed against the many possible 
configurations of the determinant. fJ1ml1ar inhibition studies 
have been done with poly-L-alany1-anti-poly-L-alanyl and po1y-
D-alanyl-anti-poly-D-alanyl systems (60). In both cases 
pentapeptides were not better inhibitors than tetrapeptides, 
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suggesting that the size of the' combining sites of the 

antibodies st'Udied corresponded to a peptide composed of not 

more than four alanine residues. From such studies it can be 

inferred that the antibody combining site representsonly a 

small portion of, the antibody molecule .• i.e. approximately 1% 

of the total surface of the immunoglobulin Molecules. Very' 

little is known.about the composition of antibody sites, 

although there is some evidence to show that the combining 

sites of anti-hapten antibodies contain the tyrosyl residue (61) 

and that it may.contain a charge oppo~ite to that of the 

hapten (62). 

As already mentioned, the enzymatic cleavage of' 

antibody Molecules has led to the isolation of active, univalent 

fragments havinga molecular weight of about 50,000. The se 

fragments consist· of the L chain joined anto a portion of the 

H chain. . Thus', the antibody activity must reside either in 

the L chain, or in the portion of the H chain, or must be 

jointly made up by portions of both chains. Fleischman et 

al. (27) demonstrated with a horse anti-diphtheria toxoid 

system that the inhibiting activity of the H chain was 

equivalent to that of the original antibody; this activity was 

specific, as the heavy chains from anti-rabbi t 't -glo~ulin or 

inert 1-g10bulin had no inhibitory power. Utsumi and 

Karush (63) used purified rabbit anti-Lac (p-azOPhenyl-~­

lactoside) anttbody, reduced in aqueous solution, and separated 

the ,'chains on a Sephadex col umn in 0.03 M sodium decyl sulpha te. 
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After removal of the detergent, the heavy chain retained 87% 

of the ~ffinity~ These experiments provide a clear, 

quanti tati ve demonstra.tion that the isolated heavy chain 

contains combining specificity for antigen. 

rsolated light chains had never been shown to retain 

activity; however, there is some evidence for the participation 

of the light chaina at the active site. Metzger and 

Singer (64), in their study of rabbit antibodiesto the hapten 

dinitrophenyl-lysine, observed that the separation of the 

chains of the reduced antibody was less effective when hapten 

was present. This result suggested that the hapten stabilized 

the non-covalent association of the two chains. Furthermore, 

Fran~k and Nez11n (65) demonstrated that, while H chains 

isolated from horse antibodies to diphtheria B.nd tetanus toxoid 

were active, their activity was increased by the addition of 

either non-specific or specifie L chain. Similar observations 

were made on guinea pig antibodies to two bacteriophages and a 

hapten (66). . 

Pres~n and Roholt (67,68) iodinated rabbit 

antihapten :-antibody with rl.31 in the presence of the hapten and 

with r125 in the absence of the hapteno The two semples were 

pooled, digested and separated. The ratio of r125/rl.31.was 

determined for each fraction. Peptide fractions at or near 

the active site, presumably blocked by the hapten during 

iodination with r131, were expected to have higher r 125/rl .31 

ratios than those obtained from the other fractions. Such 
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fractions were indeed. located in the L chain. this resu1t 

suggesting that the light chain participated in the active 

site. However, configurational changes elsewhere in the 

antibody molecule may occur while the hapten i8 boundv causing 

decreased iodination of residues at pos.i tions other than at the 

active site. 

In summary, it se~ms that heavy chains provide the 

main contribution for the specificity for antigen. In 

addition. the presence of L·chains enhances its activity. 

However, the exact function of the L chains at the active site 

is still not certain; 

IN VITRO MANlFESTATION'OF ANTIGEN-ANTIBODY REACTION 

The precipitin reaction 

One of the most common in vitro reactions between 

(rabbit) antibodies and antig~ns is the formation of a 

flocculent precipitate. The quantitative relationship between 

the a.mount of precipitate formed and the amount of antigen 

added to an antiserum is represented by a typical curve 

(figure 1). known as the precipitin curve (69,70). It is 

evident from this curve that the amount of precipitate con­

sisting of both antigen and antibody increases at first in the 

antibody excess zone, reaches a maximum in the equivalence zone 

where both reactants are precipitated quantitatively. and then 

decreases in the antigen excess zone where precipitation is 

progressively inhibited·. The features of this curve can be 



- 16 -

Figure 1 

PRECIPITIN CURVE 
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explained in terms of the framework (or lattice) theory, which 

ls based on the postulate that aIl antibody and antigen mole­

cules are polyvalent, i.e. that each of these Molecules has 

more than one combining site (47). Accordingly, in the ragion 

of antibody excess the precipitate would consist of small 

aggregates composed primarily of antibody Molecules cross-linked 

by a smallnumber of ,antigen Molecules; in the region of 

maximum precipitation the antigen-antibody complexes would be 

cross-linked into larger and more compact aggregates consisting 

of an alternating and recurring antigen-antibo"dy pattern. 

Addition of mor~ antigen than that required to combine with aIl 

anti body si tes would resul t in the dis'ruption and loosening of 

this compact regular framework, and in the formation of smaller 

aggregates. In the limit, in antigen excess, only small 

complexes wouldbe formed, consisting of one antibody Molecule 

combined with the number of antig~n Molecules equivalent to the 

valence of the ,former; no cross-linking of these complexes 

could occur and these complexes would remain in solution. As 

a corollary, with univalent antigens or hapten, or with antibody 

fragments possessing only one combining site, multimolecular 

aggresates cannot be formed and the corresponding antibody­

antigen or antibody-hapten complexes are soluble. 

On the other hand, precipitation can be inhibited or 

the precipitate formed can be redissolved if the free univa;il.ent., 

hapten i8 added prior to, or after, the add.ition of a polymerie 

hapten Molecule or of a hapten-protein conjugate to the 
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anti-serum (7l)~ Pauling et al. (72) developed a theory which 

quantitatively described this reaction. The application of 

the technique and theory of hapten inhibition to systems 

containing chemically well-defined haptens had led to an 

understanding of the concept and of the main features of 

confi~urational,complementariness of the combining sites on a 

molecular basis. 

Agglutination reactions 

The principle of the passive agglutination technique 

consists of the adsorption of an antigen to sorne particulate 

matter, such as collodion part.icles (73) or red blood cells 

(pretreated with tannic acid) (74) and in the cross-linking of 

'these 'sensitized' particles by homologous antibodies. 

Fundamentally, the mechanism of agglutination reaction has been 

shown to be similar to that of the precipitin test inasmuch as 

the antigen molecules are linked together by divalent anti-

bodies (75)., To prevent desorption of the antigen from red 

cells, a number of procedures have been devised by which the 

antigen is covalently coupled to the erythrocytes, using bis­

diazotized benzidine (76-78) or tolylene-2,4-diisocyanate (79) 

for conjugation. With this method antibodies can be detected 

in concentrations as Iow as O.OOljAg/ml (80). 
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CHAPTER 2 

CHEMISTRY OF INSULIN 

INSULIN STRUCTURE 

(i) Primary structure 

It was shown by Chibna11 (81) that insu11n was 

pecu1iar in having a high content of free ~-amino groups. 

This indicated that it was composed of a re1ative1y short 

polypeptide chain, since free«-amino groups wou1d be found 

on1y on those residues (the N-termina1 residues) which were 

present at one end" of the chain. In fact, Jensen and 

Evans (82) had demonstrated that phenylalanine wasat the 

N-termina1 of one of the chains. 

In order to elucidate the nature of the free amino 

groups of insu1in, Sanger (83) worked out a general method for 

1abe11ing the N-termina1 groups with the he1p of 1,2,4-f1uoro­

dinitrobenzene (FDNB), which reacts with the free am1no groups 

of a prote in or peptide to form the corresponding DNP-

derivatives. The reaction takes place under m11d1y a1ka1ine 

conditions under which, norma11y, dissociation of the peptide 

bonds does not occur. The DNP-protein derivative 1s then 

subjected to hydro1ysis with acid which sp1its the peptide 

bonds in the chain, 1eaving the N-termina1 residue in the form 

of 1ts DNP-derivat1ve. The DNP-der1vat1ves of am1no ac1ds are 
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bright yellow substances and can be separated from the 

'unsubstituted amine acids by extraction with ether. With this 

method the free amino groups in insulin were identified. 

The determination of an amine acid sequence involves 

the degradation of each peptide chain by partial hydrol;vsis 

into a number of shorter peptide chains, separating them from 

one another by chromatography or by migration in an electric 

fièld. analys1ng each 'of the shorter chains for its amine acid 

composition and subsequentlydetermining the amino acid 

sequence within it by a repetition of the procedure. Finally, 

aIl the data on the breakdown products are filed together, as 

a jigsaw puzzle, in an attempt to represent the sequence in 

the original chain. 

Two methods of partial hydrolysis were employed.: 

(i) acid hydrolysis, which gives a more or less random splitting 

of the various peptide linkages; .( ii) hydrolysis wi th enzymes, 

in which only certain specifie peptide linkages were split. 

With the use of these methods, amino acid sequences of a few 

mammalian insulins were first determined (84-90). 

Insulins of the ungulate species consist of an acidic 

A chain and a basic B chain, containing 21 and 30 amino acid 

residues, respectively (figure 2). These two chains are 

joined together by two disulphide bonds, i.e. one disulphide 

bond between A7 and B7 and the other between A20 and B19. A 

third disulphide bond is an intrachain bond, connecting A6 to 

AlI in chain A. In addition, there are three free amine 
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Figure 2 

THE AMINO ACID SEQUENCE OF CATTLE INSULIN 
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groupE in themolecule: the N-terminal of glyc~ne in A chain, 

the N-terminal of phenylalanine of B chain, and é -amino group 

of thelysyl residue in B29. In recent years, the àmino acid 

sequences of insulins from sperm whale (90), sei whale (91), 

human (92), dog, rabbit, rat (93), ~od (94) and other fish 

insulins (94-98) have been established. It is interesting to 

note that insulin molecules of most mammalian species differ 

among each other in positions A8, A9, AIO and in B30 (table II). 

Moreover, it is wo~th pointing out that there are two different 
. 

rat insulins which differ from each other in the amino acid at 

position B29: one having lysine and the· other having methionine. 

(ii) Secondar;y structure 

The secondary structure of insulin can be defined as 

the way in which amino acids are oriented with respect to each 

other within a turn of helix or within a short stretch of a 

polypeptide. Several theoretical models for the spatial 
. 

structure of insulin have been advanced. Each makes use of 

the essential physical characteristics of insulin, but also 

involves unproved assumptions. By far the most widely accepted 

one is that of Lindley and Rollet (99). In this model, the B 

chain is in the form of a right-handed 0( -helix. The A chain 

is also in the form of an~-helix, but with a change in the 

screw sense, being left-handed from residues Al to A9, and 

right-handed from residues A9 to A2l. This change of sense of 

the helix causes the 0( - ~ carbon-carbon bonds of the two hal ves 
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Table II 

COMPARISON OF AMINO ACID SEQUENCE* OF PIG INSULIN WITTH OTHER 
MAMMALIAN AND CHICKEN INSULINS 

A chain B chain 

Source 
4 8 9 10 l 2 J 27 29 JO 

Pig Glu Thr Ser Ilu Phe Val Asn Thr Lys Ala 
Cattle Ala Val 
Sheep Ala Gly Val 
Horse Thr . Gly Val 
Dog 
Sperm N 

\...) 

Fin whale 
Sei whale Ala Thr 
Human Thr· 
Elephant - Gly Val Thr 
Rabbit Ser 
Goat Ala Gly Val 
Rat l Asp Lys Ser 
Rat Asp Lys Met Ser 
Chicken His Asn Thr Ala Ala Ser 

*Sequence is identical except in position 1nd1cated. 
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of the L-cystine mole cule to point towards each other so that 

a.disulphide bond can be formed with an acceptable dihedral 

angle of 900 (figure 3). 

The evidence that the peptide chains of the insulin 

mole cule have the form of an 0( -he11x comes from X~ray s'cudies 

of Low (100) on crystals of acid insul1n sulphate, which are 

orthorhombic. The X-ray data suggest a rod-like chain 

structure running parallel to the 0( -axis of the unit cell, 

which is 44 - 44.5 R in length. Another elegant method of 

study is that of determining the rate of deuterium exchange 

between a protein molecule and the 8urrounding aqueous medium. 

In the A and B chains of beef insulin, there are 91 potentially 
. . 

exchangeable hydrogens. Morr1son (101) noted that 81 atoms 

were exchangeable with deuterium, but that four distinct rates 

of exchange appeared to be present. It 8eems probable that 

the less readily exchangeable hydrogen atoms are those in the 

peptide links located in the central portion of the A and B 

chains, between the two interchain disulphide bonds. The 

loose ends of these chains would probably exchange their 

hydrogens more readily, as would the peptide hydrogens in the 

loop of the A chain produced by the intrachain disulphide link 

between A6 and All. These findings ind1cate the existence of 

a hydrogen-bonded structure in a portion of the insulin mole-

cule. As for the four tyrosyl residues, Springell (102) 

observed that under conditions in which iodination of insulin 

was carefully controlled, the A chain coUld be iodinated 
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!:!gure :3 

MODEL OF INSULIN PROPOSED BY LINDLEY AND ROLLE TT 
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exclusively, suggesting that the tyrosyl groups of the A chain 

were exposed andthat those of the B chain were note 

Moreover, Laskowski and co-workers (103), using 

ultraviolet difference spectra for the detection of the 

hydrogen-bo.nd rup.ture, demonstrated that the B29 tyrosYl 

residue was hydrogen bonded to a non-ion1zable acceptor, and 

the B16 tyrosylgroup'washydrogenbonded to an ionizable 

acceptor, possibly to B13 glutamic acid residue of a second 

insulin mole cule in the formation of a dimer. Gruen et 

al. (104) demonstrated that the apparent pK of the ê -amino 

group in insulin was similar to that of the € -amino group of a 

simple lysine, thus indicating that the B29 lysyl residue was 

not hydrogen bonded. 

(iii) Tertiary structure 

The tertiary structure of insUlin refers to the way 

in which each of the peptide chains is folded in space. At 

present, this three-dimensional configuration of crystalline 

insulin cannot be described. Various kinds of allomorphic 

crystals of insulin can be obtained depending on the conditions 

of crystallization. The unit cell dimensions of insulin 

crystals from various species and grown in various ways appear 

to be similar. 

(iv) Quaternary structure 

Quaternary structure refers to·the spatial organizœtion 

of the molecule as a whole, resulting from interactions of all 
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the chains. Before 'the e1ucidation of the amine acid 

sequences of insulin by Sanger (83-90) confusion reigned as to 

the minimum mo1ecular weight of insulin, the eS,timates ranging 

from 6,000 to 48,000 (105-109)0 The decisive counter-current 

distribution studies of Harfenistand Craig (107) estab1ished 

that insul1n in its monomer1c forro has a m:01ecular weight,of 

6,000. However, there is yet no, way of determining the 

functiona1 unit under physiologica1 conditions in vivo. 

It has long,been known that insulin exists, in a 

polymerie form in aqueous solution. From numerousinvesti-

gations, it was demonstrated that the polymerization'depends 

upon the presence of'meta1 ions, especia11y zinc. Crysta11ine 

zinc-insulin containing two atoms of zinc per unit cel1 has been 
, 

shown to be monodisperse in solutions at basic and neutra1 pH, 

having a molecul.ar weight of 36,000 (110), which corresponds to 

six monomer units. However, Fredericq (i11) has estab1ished 

the conditions in which the mo1ecu1ar.weight of insulin can 

vary from the monomeric form of 6,000 to 36,000 in a solution 

containing 0.25% zinc, and to 300,000 in a soluti,on containing 

1.0% zinc. It has been suggested that the'site of binding of 

the zinc is through the co-ordination of histidine residue with 

the zinc ion (112-113). 

By contrast, the behaviour of zinc-free insulin is 

quite different. Over the entire pH range, zinc-free insu1in 

is not homogeneous with respect to mo1ecular weight, which 

depends on pH and insu1in concentration (114). Using the 
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u1tracentrifuge, Miller and Andersson (115) found a molecu1ar 

weight ot 46,000 for insu1in at neutra1 pH and at a concen-
. * tration of 1% (sedimentation coefficient of 3.55S and 

diffu~ion coefficient of 7.53 x 10-7 cm2/sec.). Later, 
. . 

determinations by osmotic pressure .. (116) confirmed this value!;. 

the ca1culated mo1ecular weight being.47,OOO - 48,000 for 

0.5% - 1.0% solution of'·insu1in at pH 7. In the presence of 

detergent, aggregates of insu1in dissociate into sma11er 

mo1ecular weight complexes of 12,500. (117). Furthermore o the 

complexes of insu1in dissociate in acid and a1ka1ine solutions; 

the minimal mo1ecu1ar weight was found to be 12,000 st an acid 

pH and 6,000 at s';)basic pH (114) • 

. When in'su1in is heated in weak1y acidic solutions i t 

f'orms .a.n insoluble precipitate which is physio10gica11y 

inactive (118). The precipitate formed in aqueous soluti~ns 

is re-so1ubi1ized at high pH to insulin with full bio10gica1 

activity (119). Formation of' insu1in spherites takes place in 

two stages (119-121). The first stage is characterized by the 

f'ormation of fibri1s and the second by the aggregation of these 

fibri1s to f'orm spherites. These spherites constitute the 

visible 'heat precipitate'. By heating insulin at pH 2.5, a 

gel is produced which consi$ts of fibri1s having 1engths of 
o 0 

about 20,000 A and widths of about 150 A. In stronger acid 

* -13 Svedberg unit =.10 sec. 
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(0.1 N HC1) these fibrils aggregate toform spherites in which 

the fibrils are statistically oriented radially. These 

changes are summarized diagrammatically in figure 4 .. 

ANTIGENICITY OF IN'BULIN 

GeneraiJ. aspect 

Bince insulin has been used therapeutically, it has 

been considered as a potential antigen, and antibodies to it 

h~e been sought in the serum of animaIs and men submitted to 

insulin treatment. At f'irst, many of the immunological 

reactions observed in diabetic patients were attributed to 

impurities in the insulin preparations, but later it became 

obvious that the hormone itself was capable of inducing anti­

body production. Depending upon the technique used for the 

detection of anti-insulin antibodies, the acquired antibodies 

have been described by different terms. 

Tuft (122) was the first to showthat often patients 

allergic to crude insulin 't'lere also allergic to re-crystallized 

insulin but not necessarily to the protein extracts of the 

animal from which the insulin had been obtained. The serum of 

such a patient contained two types of antibodies with distinct 

immunological manifestations. (i) a skin-sensitizing or 

reaginic activity demonstrated by the Prausnitz-Küstner test, 

and (ii) a precipita~ing antibody demonstrated with the 

capillary tube technique by reaction between the serum and 

insuline Banting et al. (123) observed that the serum from an 
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Figure 4 

DIFFERENT FORM OF AGGREGATION OF INSULIN 

IN SOLUTION UNDER DIFFERENT CONDITIONS 



00 
00 

decrease in conc., . 
or in acid,· 

or in alkaline. --
1% solution 
pH' 6.7 - 7.5 

crystal1ization 

O-x 

o 

o 
Zn o O' 

detergent 

1 

1 
1 ., 

1 
1 

~ 

pH'> 12 

o o ·]H Ü.5,OoO \1 ~ 
o pH l, 100.0 7 / 1 \ 

--"'----' 

\ pH 205~, 100°0 o 
o 
1 
1 

1 
1 

fibril 

[ 0 = 1nsul1n d1mer (M.li. 12,000;] 

spheriteà . 



- 31 .• 

insulin resistant patient could neutralize the hypoglycemic 

effect of insulin as demonstrated by the mousè~convulsion test. 

The observations of Tuft (122), and of Banting et 

al. '(123) were further extended by Lowell (124); the, serum of 

an insulin allergie and res1.stant pa.tient was capable of 

protecting mice against the hypoglycemic effect of'insulin and 

of passively sensitizing the skin of the normal subject. The 

reagin was destroyed by heating the serum at 57°C for 2 hours, 

,whereas the insulin neutralizing effect persisted after heating. 

This study together with others clearly indicated that insulin 

allergy and insulin resi$tance were due to different antibodies. 

Fractional precipitation of the proteins of su ch act'ive sera 

showed'that the insulin neutralizing component was associated 

with globulins (123,125), and by starch-block electrophoresis 

it was shown to be localized in the slow gamma-globulin 

region (126). In fact, Loveless and Cann (127) separated the 

. skin sensitizing antibody from insulin-neutralizing antibody in 

different serum fractions obtained by electrophoresis-convection. 

The reagin was found predominantly in the beta-globulin, whereas 

the insulin neutralizing antibody was associated with gamma-

globuline The reag)i'nic activity was heat labile, whereas the 

insulin-neutralizing activity was heat stable. In addition, 

the passive transfer of insulin sensitivity to the skin of a 

normal subject by intradermal injection of reagins could be 

blocked by addition of the heat-inactivated serum from an insulin 

resistant patient to the insulin prior to injection. This 



- 32 -

acquired activity was also described as 'blocking antibody'. 

Berson et al. (128,129) demonstrated that 

anti-insulin antibodies were produced by insulin-resistant 

patients as weIl as by most diabet1c patients treated w1th 

insUl1n. Thus, in their study of the turnover rate and dis­

appearance of I 13l_insulin in normal and d1abet1c subjects, 

they observed that the· disappearance of 1nsUlin was rapid in 

aIl diabetic or nondiabetic subjects never treated with insulin 

or treated for a few weeks. In contrast, the labelled insUlin 

showed a prolonged retention in the circulation of patients 

under prolonged insulin therapy. Using I 13l_labelled· insUlin, 

it was shown by paper and starch block electrophoresis (128,129), 

paper chromatography and density gradient centrifugation that 

insulin was bound to antibody globUlins in the plasma of 

treated subjects. Moreover, it was inferred that in treated 

patients insulin was restricted from easy transcapillary 

passage, whereas in non-treated persons and animaIs the small 

unbound insulin mole cule could readily escape from the blood 

stream to be rapidly metabolized in extravascular sites, 

notably in liver and kidney; consequently in normal recipients 

the half-life of r13l_labelled insulin was short, iœe.only 

thirty-five minutes in man and twenty-five minutes in the 

rabbit (129). 

The presence of insulin-binding antibodies in aIl 

insulin-treated human subjects lilas subsequently confirmed by 

Skom and Talmage (130) who showed that rabbit anti-human serum 
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131 
globulin uniformly precipitated l -labelled insulin from the 

sera of treated subjects only~ Similarly, Gordis (131) 

demonstrated that cold alkaline ethanol-salt solutions could 
l~ . 

precipitate insulin-I together with the serum globulins from 

the plasma of patients treated with insulin but not of control 

subjects'~· Furthermore, Welsh et al~ (132) found that the 

insulin neutralizing capacity of plasma was correlated with 
131 

marked retention of insulin-I in the circulation of the 

plasma donorand confirmed that significant retention of 

insulin_I13l occurred only in treated patients. 

Antibodie$ to insulin in insulin-treated diabetic 

patients were also demonstrated by ·agglutination of insulin­

erythrocyte conjugates (133)~· 

By ·electrophoresis qf serum from insulin-resistant 

patients, it was shown that insulin-neutralizing antibody (134), 

also referred to as blocking antibody (127) or insulin-binding 

antibody (129), was associated with globulins with a wide range 

of electrophoretic mobilities, i~e~ gamma-globulins and (3- '1 

globulins .. 

The insulin-neutralizing antibodies delay but do not 

prevent the hypoglycemic effect (127,129,135,136) of insulin, 

by binding the insulin in a reversible fashion. Insulin added 

te serum having insulin-neutralizing properties can be pre­

cipitated in a bound form and active insulin can be retrieved 

from the precipitate (137)~ Serum capable of bindlng large 

quantitles of insulin in vivo and in vitro also neutralizes the 
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hypoglycemic effect of insulin in mice (132,138)0 On the 

basis of this overall evidence, it May be suggested that the 

neutralizing, binding, precipitating, blockingand hema­

gglutinating capacities of anti-insulin anti-sera are due to 

the same antibody, i.e. different manifestations of the sarne 

antibody. 

Insulin antibodies have been repeatedly induced in 

rabbi ts, guinea'lii;gs1 and other animaIs. The first observation 

of an insulin-precipitating antibody produced in a horse, 

immunized subcutaneously with crystalline OX insulin in 

Freund' s adjuvant containing phenol', light paraffin 011 and 

mannide mono-oleate, was reported by Moloney and Aprile (139). 

On the other hand, these authors were unable to ob tain pre­

cipitating :,sn'tibodies in anti-sera of guinea pigs, rabbits, 

sheep' or'other horses., However, more recently precipitating 

anttbodies against insulin have been observed in guinea 

pig (140-144), rabbit (141,142,145) and chicken (143). Thus, 

it appears that theœbility to form antibodies varies with the 

species and probably with the method and length of immunization. 

Two types of 78 gamma-globulin antibodies, different 

in terms of their electrophoretic mobilities, i.e. gamma-l and 

gamma-2 globulins, against insulin in guinea pig have been 

reported (146). While both types of antibodies showed very 

similar binding characteristics, they differed in their 

biological activity. The slow moving gamma-2 antibodies 

provoked hemagglutination and hemolysis in the presence of " 
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complement, whereas the faster moving gamma-l antibodies gave 

PCA reactions in the guinea pig (144). 

Valence of insulin molecule 

From the evaluation of the dissociation curves 

obtained in the study of the j.nsulin-antibody system, Berson 

and Yalow (147) concluded that there may be two antibodies 

having insulin-binding capacity, i.e. one leading to a rapidly 

dissociating and the other.to a slowly dissociating insulin-

antibody complexe Further analysis of the steady state and 

transient-state kineticsof this system suggested that the 

insulin molecule was univalent and that it combined with two 

different orders of antibody combining sites (148). To 

supplement the k:tnetic data, ultracentriftigal analysis of 

labelled insulin antibody complexes.in the region of marked 

antibody excess (at least 200-fold· over insulin) was carried 

out (149). The sedimentation velocities of the insulin-

antibody complexes was determined to be 1.0.54 times that of 

gamma globuline The ratios of the molecular weights of two 

particles of identical partial specific volume (v) sedimenting 

in the sarne medium, of density rand viscosity ~ , may be 

expressed (149) as a function of the relative sedimentation 

constants and frictional ratios by a relation readily derived 

from the Svedberg equation: 

Sc _ 1.49 - - . 
Sl (176,000)2/3 
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where the sUbscripts c and y refer to the insulin-antibody 

complex and gamma globulin respectively, M is molecular weight 

and f/fo is· ~he frictionsl ratio. To be compatible with the 

ratio o·f sedimentation veloci ties obtained, i t is required that 

the. frictional ratio of t·he comple~ be 1.49 and the molecular 

weight of the complex be 182,000, i.e. an insulin molecule of 

molecular weight of 6,000comb1n1ng with an antibody of niole­

cular weight o"f 176,000 under experimental conditions used. 

On the basis of·these studies, it was suggested that insulin. 

had two antigenic sites, . and that for each of these .sites there 

was a single species of antibodies and that each had a different . 

dissociation constant. 

Precipitating antibodies to insulin have been 

produced in guinea pigs and rabbits (141,142); the ratio of 

antibody to antigen at the point of maximum precipitation was 

20.1 (for rabbit) and 27.9 (for guinea pig) immunized with 

crystalline beef lnsulin in complete Freund's adjuvant~ 

Furthermore, i t was demonstrated by Arquill·a and Coblence (150) 

that rabbit antibodies against beef insulin can be dissociated 

to varying degree. from an immuno-adsorbent prepared by coupling 

insulin to stroma, dispersed in cellulose, over a wide range of 

pH, temperature, and salt concentration. It, therefore, 

appeared likely that insulin, like other proteins, was an 

antigen with multiple antigenic sites eliciting the formation 

of multiple antibodies with varying binding affinit1es for each 

of these sites. 
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The differences observed with human and animal 

antisera would indicate that results obtained with sera of one 

species carmot beunreservedly considered to hold for another 

species.Beef insulin differs from human insulin in the C­

terminal amina acid· of the B chain and in posi ti·ons 8 and 10 of 

the A chain, whereas pork insulin differs ohly in the C-terminal. 

The mixture of beef and pork insul1n, wh1ch was commercially 

available, was used in the past for diabetic therapy. The 

weak antigen~èity of beef and pork insulins in human subjects 

May be attributed to the small differences in the amine acid: 

sequences between these insu11ns and human insulfn. On the 

other hand, guinea pig· insulin differs from beef insulin in 

eighteen amine acids and from pork in seventeen amino. acids, out. 

of fifty~one amine acids· (figure 5). It has been demonstrated 

(151) that the highly inbred Hartley strain II guinea pigs can 

produce antibodies ta portions of the beef insulinmolec\Qe to 

which strain XIII guineapigs cannot produce antibodies. The 
(1/1 

marked difference between guinea/,insulin and insulin of the \,.// 

other species, therefore, results in the recognition of a 

greater number of :.the ':antigenic determinants of beef or pork 

insulin by the immuno-éompetent cells of guinea pigs; conse­

quently one would expect to find a multi-specific spectrum of 

the corresponding guinea pig antibodies. 

Nature of the. antigenic determinants 
of insulin 

The initial differences in amine acid sequences of 

some mammalian insulins as determined by Sanger and his 
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Figure 5 

COMPARISON.OF THE AMINO ACID SEQUENCE OF 

BEEF AND GUINEA PIG INSULINS 



............ 

A chain 

4 8 9 10 
Guinea pig Asp. ---- Thr. G1y. - Thr. 

Beef 

Guinea pig 

Beef 

Glu. ---- A1a. - Sere - Val. 

3 4 
Sere - Arg. 

---- Asn. - Glu. 

B chain 

10 
Asn. 

14 
Thr. 

His. -- A1a. 

17 
Sere 

Leu. 

~ 

12 13 14 18 

Thr. - Arg. - His. Sere 

Sere - Leu. - Tyr. Asn. 

20 21 22 27 30 
Glu. - Asp. - Asp. I1u. -- Asp. 

G1y. - Glu. - Arg. Thr. -- A1a. 
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'co-workerswere confined to positions 8, 9, and 10 of the 'A 

chain and tO,position 30 of the B chain of the molecule only 

(figure 2). Despite the, relatively small differences in am1no 

acid sequences, human ant1sera specific to beef and pork 

insulins have been obtained. If the antigenic1ty of the 

prote in molecule depends on some distinct amino acid sequence, 

only the 8-10 region of the A chain and the carboxyl end of the 

B chain should represent potent1al sites of antigenicity. 

Berson and YaToW7 (152) have shown that 1nsulin-binding anti­

bodies in the sera of subjects 1mmunized with beef and pork 

insulins react with four ungulate species to a different extent, 

the order of react1 vi ty being beef ~ sheep > pork > horse. The 

insulins differing in only one of the A8-l0 residues reacted 

more alike than insulins differing in two to more residues 

(table 'II). These results suggested that the antigenic site 

was located within the intra-chain disulphide region. 

Support for the conclusion that the A chain is the 

principal site of the antigenicity comes from the studies of 

Wilson, Dixon, and Wardlaw (153). Cod and beef insulins were 

split into their respective A and B chainsand the corresponding 

hybrid insulin, i.e. cod A chain-beef B chain and beef A chain-

cod B chain, were synthesized. CodA chain-beef B chain,like 

pure cod insulin, reacted weakly with guinea pig antibodies to 

beef insulin, whereas beef A chain-cod B chain reacted as 

strongly as beef insulin. 

On the other hand, highly purified oxidized A chain 
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and Bohain did not reaot with insulin antibody. As ·has 

already been disoussed, the prinoipal site of the antigenicity 

resides in the A· chain; the non-reactivity of the totally 

reduced A chain may be attributed to the conformation changes 

resulting from the rupture of th~ disulphide bond. In fact, 

rotatory dispersion measurements on the s~parated, reduced, and 

alkylated AandB chains indicated that both are present as 

random coils CL;5~!? ~ 

Changes in the originàl secondary and the tertiary 

structures of the polypeptide chains might lead to the masking 

of the original determinant groups present on the surface of 

the molecule, at the same time exposing new antigenic groups on 

the surface of the molecule. Thus, in the studies by Yagi et 

al. (155) antibodies were produced in guinea pigs against A and 

B chains of bovine insuline It was observed that antibodies 

against A chain reacted with A chain, but not with B chain. or 

native insuline Antibodies against B chain reacted strongly 

with both B chain and insuli~, but not with A chain. Anti-

.bodies against insulin reacted strongly with insulin, weakly 

with B chain, and not at all with A chain. From these 

findings it was concluded that the anti-insulin antibodies in 

antisera to the B chain and to insulin differed in their 

specificàties inasmuch as they were directed against different 

individual antigenic regions of the insulin molecule. 

Concerning the importance of the tertiary structure 

of insulin for its antigenicity, it isworth pointing out that 
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while pork and sperm whale insulins have identical amino acid··· 

sequences (table II), anti-beef insulin sera produced in guinea 
. 1 

pigs or in man reacted.in an identical fashion with these 
1 

insulins. However, with some human antisera 1t was found that 

the insulin'from sperm whale consistently failed to' inhibit 

competitively the binding between I 131_labelled beef insul~n 

and homologous antibody as strongly as didpork insulin (156). 

Similarly, it was noted (157) that dog.plas~a insulin inhib1ted 

tlJ.e binding betweenI131_beef insUlin and'ho;mologous antibody 

. as strongly as crystalline dog insulin, but that the inhibition 

was weaker than that produced by crystalline pork insulin or 

plasma pork insulin, which in turn inhibited to the same extent. 

Thus, it appears that dog plasma insulin, like crystallinedog 

insulin is distinguishable from'pig plasma insulin and 

crystalline pork insulin using certain human antiserum.' . As 

already shown, dog in~ulin has the sarne amino acid sequences as 

pork insulin; . it would seem, therefore, that these two 

insulins differ in their conformations despite their id.entical 

amino acid sequences and that their distinct structures are due 

to the specificity of the biosynthetic processes, which are 

'~enetically controlled. 

Moloney and Coval (136) discovered a noteworthy 

variability in ~he reactivity of anti-insulin sera with 

preparations of insulins from homologous species. These 

authors immunized guinea pigs with crystalline pig and ox 

insulins in Freund's adjuvant. The general health of the 
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guinea pigs which were producing antibodies to insulin wes 

excellent. The unimpaired health and normal blood-glucose 

levels observed s~pport the inference that the ant~bodies 

present in the animaIs did not neutralize endogeneous insuline 

In addition, the neutralizing' activity of serum from guinea 

pigs which had been inoculate~ with crystal11ne pig or OX 

insulin was tested by the' mouse-convulsion assay procedure. 

It was found that these sera neutralized notconly crystalline 

pig and ox insulin, but also crude extracts of pig~ ox, sheep 

and rabbit insulins. No neutralizing activity was ever 

observed with normal guinea pig, rabbit or sheep sera. 

Furthermore, six batches of guinea pig insulin were prepared. 

Five of these could not be neutralized by the immune serum but 

one could. This particular batch was prepared from glands 

which had been stored in the cold for six months. AlI the 

other batches were prepared from fresh glands. Similar 

observations were reported for the horse (139). On the basis 

of these observations, Moloney and Coval (136) suggested that 

two forms of insulin could be distinguished by studying their 

immunological reactivity with homologous antisera. They have 

called the form of endogeneous insulin that does not react: wj.th 

homologous antiserum 'native' and have suggested that this, type 

can be converted, for example, by certain storage or 

purification procedures, into an 'altered' form that would 

react. 
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SCOPE OF THE PRESENTSTUDY 

The present study is divided into three main parts. 

(1) (a) The preparation of insulin-BSA conjugates for use as 

antigen, with tolylene-2,4-diisocyanate as coupling 

agent, and the analysis of the insulin-BSA 

conjugates. 

(b) To increase the solubility of the monomeric unit of 

insulin, insulin was coupled to the sodium salt of 

4-fluoro-3-nitrobenzene sulphonic acid (FNBSNa). 

(II) The production of precipitating antibodies specifie to 

insulin by immunization of rabblts with insulln-BSA 

conjugates. 

(III) The preparation, by electrolytic reduction of 1nsulin, 

of (i) B chain, (ii) A chain with the intra-chain 

dlsulphide bond intact, and (ii1) the totall~ reduced 

A chain; the antigenic properties of these chains 

were subsequently established. 
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CHAPTER 3 

PREPARATION OF INSULIN-BOVINE ALBUMIN.CONJUGATE 

Introduction 

As 'described in the previous chapter, ant1bodies of 

the non-precipitating type against insulin have been 

demonstrated in the serum of immunized animaIs and of human 

individua1s subjected to insu1in treatment (146,148,158,159). 

It is not c1ear from these studies if the fai1ure to precipitate 

antibodies in some of the anti-insulin ant1sera was due to the 

low concentration of these an~ibodies or to some special· 

physica1-chemica1 features of the antibodies or of antibody­

antigen complexes. On1y in recent years have a few investi­

gators succeeded in producing precipitating anti-insulin 

antibodies in the horse (139), rabbit (141,142), and guinea 

pig (140). The difficulty inproducing precipitating anti­

bodies against insulin in animaIs may be attributed to the 

following factors: (i) insulin is weakly antigenic, presumably 

because of its Iow molecular weight, (il) the injection of 

large doses of insulin causes often the death of the animaIs 

due to the hypoglycemic effect of insulin, .and (iii) structural 

simi1arlty to autologous insulin to which the host is,normally 

tolerant. 

To overcome these limitations, in the present study 
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insulin was coupled, as if'it were a simple hapten, tO.a large 

prote in carrier, i.e. bovine serum albumin (BSA). The 

coupling agent used was tolylene-2,4-diisocyanate (refè'!'red to 

hereafter as TDIC)t which previouslY had been successfully used 

for conjugating protein to prote1n and protêin to red cells (79, 

160) • Thus, insulin was incorporated into a significantly 

larger molecular weight compound, which would be expected on 

general grounds to render the determinant groups of insulin more 

immunogenic; in addition, it was expected that the hormonal . . 
activity of insulin would be abolished by coupling it covalently 

to a carrier prote in. 

Materials and Methods 

Crystalline beef zinc-insulin (IN, M.W. 36,000), lot 

No. 975, having a potency of 23 units per mg was purchased from 

Connaught Medical Research Laboratory, Toronto, Ontario. 

Radioactive labelling of insulin was performed with I13l by 

Charles E. Frosst & Co., Montreal. This batch had a specific 

activity of 4 mc/mg. Bovine serum albumin (BSA) , fraction V 

powder, was obtained from Nutritional Biochemical Corporation, 

Cleveland', Ohio. Tolylene-2,4-diisocyanate (TDIC) was purchaséd 

from Eastman Organic Chemicals, Rochester, New York. This 

reagent is easily decomposed when exposed to the moi sture in the 

air; hence, the necessary amourit of TDIC was removed for each 

experiment, and the reagent bottle was hermetically closed 

immediately afterwards. 
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Preparation of IN-TDIC-BSA conjugate 

The conjugation procedure invo1ved two stages as 

shown in the f10wsheet in figure 6. Thus, TDIC was first 

added at OOC to the insu1in solution, represented here as 

At this tempe rature the sterica11y 1ess hindered 

isocyanate group in the para-position reacted readi1y with the 

free amino groups. Then the TDIC-insu1in conjugate was added 
o 

to the BSA solution at 37 C, whenthe second isocyanate group 

in the ortho-position reacted with the amino groups present on 

the BSA mo1ecules. Thus, in the first stage, to 5 ml of a 1% 

solution of insu1in in borate buffer, pH 9.5, ionic strength 

0.1'11- was added 0.1 ml of TDIC at OOC. The latter is most1y 

insoluble in the aqueous phase and was solidified upon addition 

at this temperature. After vigorous stirring in an ice bath 

at OOC for 35 minutes, the mixture was centrifuged in a Spinco 
o 

Mode1 L preparative ultracentrifuge at 0 C for 30 minutes at a 

speed of 15,000 r.p.m. The supernatent was decanted and was 
o 

allowed to stand at 0 C for an addttional hour. In the second 

stage, this solution of the modified insu1in (IN-TDIC) was 

added to an equal volume of a 1% solution BSA in the same 
o 

buffer at 37 C; no precipitate was formed when the two 

solutions were mixed together. After one hour of incubation 

*The required amount of insulin was first dissolved in 2.5 ml 
of 0.04 N NaOH; the solution was then di1uted to 5 ml with 
borate buffer to give the required pH and ionic strength. 
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Figure 6 

FLOWSHEET FOR THE PREPARATION OF IN-TDIC-BSA 

CONJUGATION 



~ 

STAGE 1 :. TEMPERATURE ot 0° C 

. C~· O' C~ 

RrNH2 + O=C=N-d-N==C=O - Rr-NH-~-NH -< -)-N=C=O 

Tolylene-2.4-diisocyanate Protei~~IO conjugate 

(TDIC) 

STAGE· 2 : TEr~PERATURE ot 37°C 

" 0 . CH3 0 CH! 0 
Il rl s Il ~,II R2NH2 + RI-NH-C-NH~N=C==O--l> RI-NH-C-NH~NH-C-NHR2 

Protein-TDIC conjugate 
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o 
at 37 C, the solution was dialysed against 0.1 M (NH4)2C03' 

pH 8.8. to destroy any unreacted isocyanate groups and then 

dialysed exhaustively against the buffer required for further 

operations. 

For preparative purposes, the conjugate was separated 

from the uncoupled proteins by electrophoresis on a thick block 

of Schleicher & Schüll, No. 2695. paper (30 cm x·14 cm), which 

was saturated with 100 ml of phosphate buffer. pH 7.5, ionic 

strength 0.025, and placed between two Whatman No. 1 fil ter 

papers (55 cm·x 14 cm). This block was then equilibrated 

while passing current through it for 30 minutes in a 

conventional trough system. Then 100 mg of the reaction 

mixture was applied on this paper block along the central line. 

Electrophoresis was carried out at 4°C for 24 hours at 250 V, 

17 mA current. At the end of the electrophoresis an imprint 

of the paper block was taken on Whatman No. 1 filter paper, 

which was then stained withBrilliant Blue. The conjugate was 

found to move with a mobility between that of the modified 

insulin and of the BSA. The portion of the paper block which 

èo~tained the conjugate was eluted with 0.9% saline; the 

eluate was dialysed exhaustively against distilled water and 

freeze-dried. Attempts to separate the conjugates from the 

unreacted proteins by molecular sieve chromatography with 

Sephadex G-75. G-IOO and G-200 were unsuccessful. 

For the preparation of I 13l_IN_TDIC_BSA conjugate, 

the I13l_labelled insulin was dialysed against four or five 
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changes of' borate buf'f'er, pH 9.5, ionic'strength O.lD until 

there was no det~ctable radioactivity in the dialysate. The 

r131 _insulin was f'urther purif'ied by passing through a column 

of' Sephadex G-75 (lcm x 40 cm). Approx1mately l mc of' 

la'belled 1nsulin was added to the solut1on of unlabelled 

insu11n and theconjugation was perf'o~ed.as described above. 

Preparation of' the control proteins 
(IN-TDIC + BSA) 

stage • 

The procedure was repeated up to the end of' the f'irst 

The modif'ied insulin solution was incubated st 37°C 

. for an additional hour in the absence of' BSA and then dialysed 

against O.lM (NH4)2C03 and exhaustively against the borate 

buf'f'er. An equal volume of' 1% BSA solution in the sarne buf'f'er 

was added, to it. The preparation thus obtained is ref'erred to 

hereaf'ter as (IN-TDIC + BSA). 

CHEMICAL ANALYSES OF MODIFIED INSULIN IN-~IC 

The reaction of various aromatic isocyanates with 

insulin had been studied by several workers in the past. 

Phenyli.socyanate was reported'to react only with the free 

~-arnino groups of egg albumin at pH 8.0 (161). On' the other 

hand, it was demonstrated by Fraenkel-Conrat (162) that even 

under the mildest conditions (pH 7.3) insulin combines with 

more m-chlorophenyl isocyanate than could be accounted for by 

its amino groups alone. However, Anderson (163) reported that 
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the pheno1ic groups of insulin are' 1ess reactive than the amine 
groups and,with proper control of the experimenta1conditions, 
the extent of the reaction cou1d be 1imited to the amine groups 
on1Y. Furthe rm ore , with the bu1ky'f1uorescein isothiocyanate, 
in spi te of the reacti ve isothiocyanate [@Jl!0t:tP"' (164), on1y the 
N-termina1 free amine groups reacted at pH 9.0 even with 
pro1onged reaction time. Thus, it appeared that the 
specificity. of the reaction of aromatic isocyanates or 
isothiocyanates depended on the particu1ar reagent used. 

In the present study insu1in was coup1ed to BSA, 
using TDIC as coup1ing agent. In view of the possible 1ack of 
se1ectivity of TDIC in the coup1ing reaction. insu1in-TDIC 
conjugates wer~ subjected to chemica1 analyses for a better 
'characterization and for the e1ucidation of the mechanism for 
the coup1ïng reaction. 

CA) Determination of decrease in pheno1ic groups ' 

To determine the relative pheno1ic group content of 
the intact insu1in and modified insu1in preparations. the 
Fo1in-Cioca1teu method was used (165). 

. ' 

of protein was used in these analyses. 

Genera11y, 0.5 -3.0 mg 

To 9.0 ml of the 
samp1e in borate buffer, pH 9.5. ionic strength 0.1. 5 ml of a 
20% Na2C03 solution was added slow1y with constant mixing. 
Then 1 ml of phenol reagent was added te it with vigorous 
stirring. o The resu1ting solution was incubated in a 37 C 
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water bath f'or f'i ve minutes followed by 30 m·inutes of' 

incubation at room temperatûre. Tohe intensity of' the colour 

developed was determined in a Bec~an spectrophotometer 

(Model DU) at 750 m}l against a reagent blank whi·ch contained 

9 ml of' buf'f'er in place of' the semple. The ratio of' the 

numb~r of f'ree phenolic groups of' the modified insulin mole cule 

(IN-TDIC) to the ·corresponding number of' the ·intact insulin 

(i.e. 18) was denoted by the·symbol f in the equation 

below (160) 

O.D. 

where C1N and CIN-TDIC are the concentrations of' insulinand 

modified insulin (IN-TDIC). respectively. reqtiired to give the 

same optical density (O.D.) in the Folin-Ciocalteu analysis. 

(B) Determination of free amino groups 

The relative number of free amino groups was 

determined by the ninhydrin colorimetric method as described by 

FraenkèT';C·onrat (166). To 1.0 ml of protein solution was added 

1.0 ml of' 10% pyridine and 1.0 ml of 2% ninhydrin solutions. 

The mixture was loosely stoppered and was placed in a boiling 

water bath for 20 minutes, then cooled and diluted to 50 ml. 

The optical density of the solution was measured at 570 mjL 

against a reagent blank. The relative number of free amine 

groups was determined using the same method as that for the 
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de te rminat. i on of the pheno1ic groups. 

ResUlts and Discussion 

From the curves obtained with the Fo1in-Ciocalteu and 

ninhydrin methods for insulin· and modi fi.ed insUlin (IN-TDIC), 

presented in figures 7 and 8, it is evident that all amino 

groups of insulin were substituted on reaction with TDIC, 

whereas none of the phenolic groups reactedunder the present 

experimenta1 conditions. According to Sanger et al~ (167), 

the insulin monomer (M.N. 6,000) contains three primary amino 

groups, the N-termina1 d-amino groups of glycine and phenyl­

alanine of the A and B chains, respectively, and the E-amino 

groups of the lysine residue in the position next to the 

C-terminal of B chain. The pK values of t~e two N-terminal 

~-amino groups may be taken approximately as 7.5 and the pK of 

the E-amino group of the lysine residue as 11.9. Because of 

the relatively high pK value of the €-amino group of lysine, 

this group is expected to be Iess reactive at neutral or 

slightly alkaline pH than the N-terminal ~-amino groups. In 

fact, it was reported by:Fraenkel-Conrat (162) that in most 

cases only 65% of the amino groups of insu1in had reacted with 

phenylisocyanate and m-chlorophenylisocyanate; this 

observation might be attributed to reaction occurring only with 

the two N-terminal ~-amino groups. Furthermore, Tietze et 

al. (164) reported that no reaction had taken place between the 

fluorescein isothiocyanate and the E-amino group of lysine at 
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Figure 7 

STANDARD CURVE.S FOR INSULIN AND MODIFIED INSULIN 

(Fo11n-C1ocalteu method) 
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Figure e 

STANDARD CURVES FOR INSULIN AND MODIFIED INSULIN 

(ninhydrin method) 
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pH 9.0, when the reaction was carried out for a prolonged time. 

On the other hand, the ana1ytical data of the present study 

indicate that the reaction of aIl amino groups with TDIC was 

complete within 35 minutes. The·increase in reactivity of the 

.ê-amino group under the present experimental conditions was 

probably brought about by the ionization of the ~-amino group 

at pH 9.5, which enables its reaction with the isocyanate 

groups of the TDIC. It is known that the pheno1ic groups are 

genera1ly 1ess reactive with respect to the isocyanates than ';,:.' 

the free amino groups (163), and therefore it is not surprising 

that within a short period of incubation used in this study the 

coupling did not involve the phenolic groups of insuline 

In contrast to insulin, the modified insulin 

(IN-TDIC), in spite of having three additional aromatic 

residues coupled to it per monomer unit, dissolved readily in 
l 

the buffers used (pH 7.5, ionic strength 0.1) up to concen-

trations of 0.5%. This unexpectèdincrease in solubility 

reflects a change in the structure of the mole cule or in the 

degree of aggregation. The latter, however, was not 

substantiated by ultracentrifugal analyses discussed later. 

Therefore, it would seem that this change in solubility was 

caused by sorne intramoleculara1teration of the tertiary 

structure leading to an overall increase in the hydrophylic 

nature of the molecule. 
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BIOLOGICAL ACTIVITYOF MODIFIED INSULIN IN-TDIC 

IN-TDIC was injected into two rabbits at a dose of 

2 mg/kg intraveneously. Blood glucose was determined over a 

six-hourperiod*. IN-TDIC produced a JO to 40 mg percent fall 

in blood glucose which was maximal at JO minutes following 

injection and which remadned at this depressed level for the 

entire period of six hours. The effect was equal to 0.016 

mg/kg of the starting insuline Moreover, the effect of 

IN-TDIC was somewhat different from insulin inasmuch as the 

hypoglycemic response due to insulin was essentialiy back to 

the bal3e line values after four hours, while the response with 

IN-TDIC after six hours remained at the level measured after 

30 minutes. 

The biological activity of IN-TDIC was significantly 

lower than that of crystalline insuline As the coupling of 

insulin with TDIC was carried out under very mild conditions, 

this loss of activity was attributed to the alteration of the 

insulin Molecule on conjugation with TDIC and not to the method 

of conjugation per se. Furthermore, this result indicates 

that the small residual hypoglycemic activity associated with 

IN-TDIC was not due to contamination with unaltered insulin, 

which may have remained in the preparation, since the 

hypoglycemic effect caused by the unaltered insulin would have 

if 
"The author is indebted to Dr. J .D. McColl of F. W. Horner 

Limited, Montreal, for these physiological determinations. 
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decreased to the base line value a1fter four hours. 

Consequently, ft is inferred that the prolonged depression of 

blood glucose œfter the injection of IN-TDIC reflected the 

slower turn-over rate of IN-TDIC than that of insuline 

Previously, stern and White (168) showed that 

acetylation, which blocked only the free amine groups of 

insulin, caused no change in hormonal activity as measured by 

the,mouse convulsion test; these results suggested that free 

amine groups were ,not essential constituents of the insulin 

Molecule for its biological activity. On the other hand, 

Hopkins and Wormall (169,170), who had studied the immunological 

and chemical properties of proteins treated wi th phenYlisocyatîa:te. 

stated that insulin was inactivated by phenylisocyanate and 

p-bromophenylisocyanate. In the pre~ent study. insulin was 

coupled to TDIC and the biological activity was significantly 

reduced. Thus, it would appear that blocking of the free 

amine groups with large Molecules results in depression of the 

hormonal activity. 

'EVIDENCE FOR CONJUGATION 

(A) Paper electrophoresis , 

Method 

A strip of Whatman No. 3 filter paper (14 cm x 56 cm) 

was used. After the paper strip had been moistened in 

phosphate buffer of pH 6.0 (or 7.5 or 9.5) and ionic strength 
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0.025, and gently blotted, approximately 0.05 ml of the 

corresponding buffer solution, containing 1% of the control 

proteins and of a sample of the conj:ugation product, was 

applied centrally on a line of about 2 cm. The"paper was then 

placed on a glass tray in a horizontal position, serving as a 

bridge between tw'o buffer chambers, which in turn were 

connected with the corresponding outer electrode chambers with 

paper bridges. A power supply, providèd with a voltage 

regulator, was used to supply stable D.C. voltage. Optimal 

separations were generally obtained at 110 V and 7.5 mA for 

At the end of the run, the paper was removed 

from the apparatus, and the excess moisture was immediately 

blotted from the buffer-soaked ends of the paper. It was then 
o 

dried in; ,an oven at 100 C for 30 minutes, and. immersed for 5 

minutes in a solution of 0.1% Brilliant Blue in 5% acetic acid. 

Removal of the background stain from the fil ter paper was 

achieved by repeated washings in 5% acetic acid. 

The radioactivity of the components of the 

el'ectrophoretogram was detected in an automatic recording 

* apparat us shown in figure 9. After electrophoresis the 

fil ter paper was eut into separate strips containing either 

control proteins (I131_IN_TDIC + BSA) or the conjugate. Each 

paper strip (A) was mounted on a motor driven pulley (M) in 

* The author is indebted to Dr. S.K. Mark for his help in 
building up this apparatus. 
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Figure 9 

BLOCK DIAGRAM OF THE AUTOMATIC RADIOACTIVE 

RECORDING UNIT 

A. - paper strip 
M. - mot or driven pulley 
S. - slit 
Pb. -.lead castle 
P.T. - the radiation detectorwhich consists 

of a NaI scintillator, which has 
been optically coupled to a R.C.A. 
6342 photomultiplier tube 

W.C.F. - White Cathode Follower 
Ampl. - linear amplifier 
S.C.A. - single channel analyser 
C.R.M. - counting rate meter 
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. * front of the slit, S (0.1 cm x 3 cm) of the lead castle (Pb) 

with a wall thickness of about 5 cm. The radiation detector 

consisted of a 3.65 cm x 3.~5 cm NaI scintillator (containing 

Tl), which had been optically coupled to a R.C.A. 6342 photo-

multiplier tube; this whole unit, labelled as P.T., was 

placed inside the lead castle. 

Radiation which passed through the slit was detected 

by the scintillator which converted the radiation energy 1nto 

light quanta, which were in tU.rn transformed into electrical 

. signals by the photomultiplier~ The output of the photo-

multiplier was fed to a White Cathode Follower circuit (W.C.F.) 

and then to a linear amplifier (Ampl.). The White Cathode 

Follower was used to isolate the linear amplifier from 

interfering with the operation of the photomultiplier tube. 

To achieve better reproducibility, a single channel analyser 

(S.C.A.), which had one lower and one upper level settings, was 

used to select the output signaIs. In a typical experiment, 

the S.C.A. settings were such as to include.only signaIs 

corresponding to the most intense group of rays' (364 KeV) 

resulting from the decay of I13l. The output from the S.C.A. 

was monitored by a counting rate meter (C.R.M.), which in turn 

drove the chart recorder whose speed was synchronized with that 

* . The lead castle was used to shield the radiation detector 
from detecting excessive amounts of low energy background 
radiation in the experimental area. 
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of the rate of movement of the paper strip. Although this 

arrangement could have yielded both analog and digital counting 

rates, only the analog output was recorded on the chart. Thus, 

it was possible to record the radioactivity along the paper 

strip. 

Results. and Discussion 

Paper electrophoresis of insulin, modified insul1n 

(IN-TDIC), BSA, the control proteins (IN-TDIC + BSA) and a 

sample of the products of the conjugation were carried out 

simultaneously on the same paper. It is seen from figure 10(a) 

that insulin at pH 6.0 remained at the line of application, 

whereas the anodic mobility of the modified insulin was greatly 

increased at the end of stage l of the reaction Lf1gure 10(b17. 

The increase in anodic mobility in itself does not prove 

unequivocally that the cationic groups of insulin were blocked 

as there was the possibility that the electrokinetic properties 

of the insulin might have been changed through polymerization 

of the molecule during the conjugation procedure. However, 

the results of the ultracentrifugal studies unambiguouslY 

eliminate this latter possibility. Furthermore, at the end of 

stage l of the reaction, the unreacted isocyanate group in the 

ortho-position relative to the methyl group of the original 

TDIC molecule was destroyed with 0.1 M (NH4)2C03 to form an 

aromatic NH2 group. Since this aromatic amine is a much 

weaker base than an. aliphatic amine, protonation would not be 
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Figure 10 

Paper electrophoretic patterns of insulin (IN), modified 
insulin (IN-TDIC), BSA, control proteins (IN-TDIC + BSA) 

and a sample of the produets of the eonjugation in 
phosphate buffer pH 6.0, ionie strength 0.025. 

Voltage 110 V. 

Current 7.5 mA. 

Time 

Temperature 
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expected to occur under the experimental conditions used. The 

increase in anodic mobility of the modified insulin (IN-TDIC) 

was,therefore, considered to be entirely due to the reduction 

of the positive charge on the molecule. In addition, the fact 

that the zone corresponding to IN-TDIC was not resolved into 

more than one band was taken as additional e~idence (c.f.p. 52) 

that the modified insulin consisted of a single component, i.e. 

an insulin molecule of M.We 6,000 coupled to three TDIC mole-

cules. Figure 10(c) shows the electrophoretic pattern of free 

BSA, which had a low mobility. On the other hand, the products 

of. the conjugation tfigure 10(d17 were separated into two 

distinct bands: a slow moving band cQr~sponding to the 

uncoupled free BSA and a faster one - with a mobility between 

those of free BSA and IN-TDIC - representing the insulin-BSA 

conjugate (IN-TDIC-BSA). However, on the basis of the 

electrophoretic·behaviour at a single pH.value as illustrated 

in figure 10(d), one could nothave.established unequivocally 

whether conjugation through the formation of covalent bonds had 

occurred or whether IN-TDIC had been complexed to BSA. The 

possible suggestion that complexes might have been formed as a 

result of protein-protein interaction may be refuted by the 

observation that the (IN-TDIC + BSA) Lfigure 10(e17 was 

resolved irito two distinct bands. Moreover, the persistence 

of the electrophoretic patterns of the products of conjugation 

and the control proteins (IN-TDIC + BSA) throughout the pH 

range 6.0 to 9.5 (figures Il and 12) indicates that the bond 
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Figure 11 

Paper electrophoretic patterns of a sample of the 
products of the conjugation and control proteins 

(IN-TDIC + BSA) in phosphate buffer pH 7.5, 
ionic strength 0.025. 

Voltage 110 V. 

Current 7.5 mA. 

Time 

Temperature 
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Figure 12 

Paper electrophoretic patterns of a sample of the 
products of the conjugation and control proteins 

(IN-TDIC + BSA) in phosphate buffer pH 9.5. 
ionic strength 0.025. 

Voltage 110 V. 

Current 7.5 mA. 

Time 24 hours 

Temperatur.e···· _ 4°C. 
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was not of a non-covalent, asthis should have dissociated 

readily at the higher pH when both IN-TDIC and BSA are eXp'ected 

to be highly negatively charged. Further confirmation for 

this interpretation was provided by the results obtained with 

I13l_labelled insulin (figure 13). inasmuch as the radioactivity 

of the IN-TDIC-BSA sample was localized in a region distinct 

from that occupied by the more anodic IN-TDIC. 

As a further check on the nature of the linkage. the 

IN-TDIC-BSA conjugate, separated by paper block electrophoresis. 

was analysed by paper electrophoresis. As can be seen from 

figure 14. this preparation had a single electrophoretic 

component with a mobil.ity characteristic of the conjugate, i.e. 

between those of BSA and the modified insulin (IN-TDIC). From 

aIl this evidence it seems reasonable to conclude that the 

modified insulin had been coupled to BSA covalently to form the 

IN-TDIC-BSA conjugate. 

As already shown in figure lO(d). the products of 

conjugation separated into two distinct bands only. namely. the 

slow moving BSA band and the fast moving IN-TDIC-BSA band. The 

absence of the band corresponding to that of IN-TDIC would indi­

cate that either during conjugation, aIl IN-TDIC was used up in 

the reaction or it was not observed on paper electrophoresis 

because of low concentration. From the radio-electrophoretogram 

of the control proteins (I13l_IN_TDIC + BSA) , it can be seen 

that a substantial amount of radioactivity was detected along 

the track travelled by the I13l_IN_TDIC:( figure 13); this 
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Figure 13 

Radio-electrophoretogram of the sample of 
IN-TDIC-BSA conjugate and of the control 

proteins (IN-TDIC + BSA) in phosphate 
buffer pH 7.5, ionic strength 0.025. 

Voltage 

Current 

Time 

Temperature 

110 V. 

7.5 mA. 
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Figure 14 

Paper electrophoret1c pattenls of the control 
proteins, IN-TDIC and BSA)and a sample of 

IN-TDIC-BSA conjugate separated by paper block 
electrophoresis in phosphate buffer pH 7.5, 

10nic strength 0.025. 

Voltage - 110V. 

Current - 7.5 mA. 

Time - 24 hours 

Temperature o 
- 4 C. 
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tai1ing can be attributed to the adsorption of 1131_IN_TDIC by 

the paper. In addition, the band corresponding to IN-TDIC in 

the products of conjugation was observed in free e1ectrophoresis 

(figure 1.5). Renee, it wou1d seem that the amount of IN-TDIC, 

which May have remained uncoup1ed to BSA during conjugation, 

was sma11 and the adsorptive power of the fil ter paper further 

reduced its concentration, thus rendering its absence in paper 

e1ectrophoresis. 

Various di- or po1yfunctiona1 coup1ing reagents such 

as carbodiimides, diha10genated dinitrobenzene, the copo1ymer 

ofethy1ene and ma1eic a~hydride ••• etc. have been used for 

protein-protein conjugation. However, MoSt of these reagents 

have two functiona1 groups of identica1 reactivity, and the 

reactions are usua11y carried out in a single step. In the 
\ 

present study, insu1in has been coup1ed to a large protein 

carrier with a coup1ing reagent, which has two functiona1 

groups of different reactivity. The conjugation has been 

carried out in two stages, which permits the detai1ed ana1ysis 

of the intermediate products. 

The isocyanate group N=C=O contains a very 

e1ectrophi1ic carbon atom joined by double bonds .to two 

e1ectronegative atoms. The a1iphatic isocyanates decompose 

too rapid1y by reaction with water to form carbamic acids, 

which decarboxy1ate a1most immediate1y. The common1y used 

coup1ing reagents are, therefore, the aromatic isocyanates, 

which are 1ess reactive than the corresponding a11phatic one; 
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yet their reactivities are sufficiently great so as to function 

under mild conditions. In the present study, TDIC was chosen 

as a coupling agent. As mentioned earlier, the NCO gro~p at 

the ortho-position with respect to the CH3 group in TDIC is 

somewhat hindered sterically andless reactive than the NCC 

group at the para-position. Consequently the isocyanate group 

in the para-position combined preferentially with aIl available 

free amine groups of insulin in the first stage of the reaction. 

The formation of covale~tly linked IN~TDIC-BSA conjugate 

indicates that the ortho NCO group of the TDIC, already coupled 

to insulin, did not react until BSA was added for the second 

stage of the reaction. The reactivity of the NCO'group in the 
o ortho-position of the TDIC was obviously suppressed at 0 C, and 

was enhanced sufficiently at 370
C so as to combine with the 

free NH
2 

groups of BSA. 

(B) Free electropho~esis 

Method 

Moving boundary electrophoresis analyses were carried 

out in the Spinco Model H Tiselius apparat us at o.aoc. Prior 

to electrophoresis, aIl samples were made up to a prote in 

concentration of l g per cent in phosphate buffer at pH 7.5, 

ionic strength 0.1 and were dialysed against thesame buffer 

for 24 hours. The electrophoretic mObilities'jL' were 

calculated with the aid of the equation: 
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where a = magnification factor for projection 

q = cross section are a in cm2 

c = conductivity ce Il constant in cm-l 

t = time in minutes 

i = current in milliamperes 

Rs = re si stance 'of the solution in ohms 

d = distance travelled by the prote in boundary in cm. 

Previously, Longsworth and Maclnnes (171) noted that the 

descending boundaries, although in general more diffuse, 

yielded correct values of mobility. The r1s~ng boundar1es may 

give results that are greatly in error unless the, change of 

prQtein concentration is available from which correction may be 

made, in which case the two types of boundary yield the same 

value of mObility. Thus, in the present study, the electro-

phoretic mobilities were calculated from the data obtained from 

the descending pattern. 

For the estimation of the protein composition of the 

sample from the Schlieren patterns, the assumption was made 

that each peak had a Gaussian distribution. For peaks which 

were not fully resolved, the pattern was extended to the base 

line. The area under each peak was measured planimetrically 

on a five-fold magnified tracing of the Schlieren photographe 

The average composition of the IN-TDIC-BSA conjugates 
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was estimated from the electrophoretic patterns of both the 

control proteins (IN-TDIC + BSA) and-of the products of the 

conjugation (figure 15) as follows: 

(i) Area method 

The area under the fast moving peak in figure15(a) 

is proportional (neglecting electrophoretic anomalies) to the 

total amount of IN-TDIC origirially used in the conjugation 

experiment. The ares under the fastest moving peak in 

figure 15(b) is proportional to the amount of IN-TDIC left 

unconjugated at the end of the reaction. After normalizing 

the two areas, the former minus the latter is proportional to 

the amount by weight of IN-TDIC in the IN-TDIC-BSA conjugate. 

Correspondingly, the weight of BSA in the conjugate is 

proportional to the difference between the normalized areas of 

the free BSA peaks in figure 15(a) and 15(b). The ratio of 

the amounts of IN-TDIC and BSA in the conjugate, multiplied by 

the ratio of the molecular weights of BSA and insulin, i.e. 

7 x 104/3.6 x 104, corresponds to the number of insulin mole-

cules conjugated to one BSA molecule, averaged over aIl of the 

conjugates present. 

In order to compute the average composition of the 

IN-TDIC-BSA conjugates according to the method mentioned above, 

the assumption was made that the specifie refractive increments 

of the electrophoretically separable protein components were 

identical. The uncertainty in the analysis due to this 
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Figure 15 

Descending electrophoretic patterns of the products of 
the coupling reaction of IN and BSA by TDIC, examined 
in phosphate buffer, pH 7.5. ionic strength 0.1. The 
direction of migration is indicated by the arrow. The 
peaks are referred to as IN-TDIC and BSA, respectively, 

"and the intermediate peak in pattern (b) is due to 
IN-TDIC-BSA conjugate. 

Pattern (a) 'control proteins' (IN-TDIC + BSA). 

Pattern (b) reaction mixture (containing IN-TDIC, 
IN-TDIC-BSA and BSA). 
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assumption depends largely on the nature of the proteins in the 

mixture. The specifie refractive increment, k, of a prote in 

is defined as k = (Ylsolution -1\protein)/P where the con­

centration p is expressed in gram dry weight of prote in per 

J.OO ml of solution and"Y\ is the refracti ve index. In fact, 

the validity of this assumption is justified by the data that 

the specifie refractive increment of bovine serum albumin at 

OOC and 578 ~ is 1.90 x 10-3 (172) while that of insulin at 

OOC and 546 ~ is 1.82 x 10-3 (173). The error thus made was 

considered to be within tolerable limits , i.e. within less 

than 10,%. 

(ii) Mobility method 

Singer and Campbell (174) showed that the 

electrophoretic mobility of a prote in complex'fLc' could be 

calculated by the approximate relation: 

where ''li is the weight fraction of the component i in the 

conjugate andJAi is the mobility of component i. For the 

present study, assuming that this equation could be used for 

the calculation of the mobility of the insulin-BSA conjugate, 

one could write 

(2) 

Since there are only two components in the conjugate, the WBSA 
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can be expressed as 

WBSA = 1 - WIN-TDIC (,3) 

Substituting (3) into equation (2) and upon rearrangement, the 
,value of WIN-TDIC can be given in terms of the mobilities of 
the components: 

, (4) 

The weight fraction thus obtained was compared with the 
theoretica+ values calculated from the compositions of 
(IN-TDIC)-BSA, (IN-TDIC)2-BSA, and (IN-TDIC)3-BSA conjugates. 
This method is valid only when the mobility of a conjugate is 
determined primarily by its constituents rather than by its 
shape. 

Results and Discussion 

Upon free electrophoresis at pH 7.5, ionic strength 
0.1, of ,the products of the conjugation reaction of insulin and 
BSA with the help of TDIC, the pattern shown in figure l5(b) 
was obta:i.ned. Besides the fastest moving peak attributable to 
the TDIC-insulin adduct, and the slowest moving peak due to 
free BSA, the intermediate peak 1.s evidently due to the 
conjugate of the t't·m. On the other hand, the pattern of the 
control proteins [Jigure, 15(a17 shows two distinct boundaries, 
indicating no complex formation. Each component was identified 

" 
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by its electrophoretic mobility listed in table III. It is 

noted that the mobility of BSA in the products of the reaction 

(-7.5 x 10-5 cm
2
/volt/sec) was higher than that of free BSA 

(-6.1 x 10-5 cm2/volt/sec). This increase in mobility is 

attributed to the reaction of some of the NH2 groups of BSA 

with residual TDIC, which remained in solution after coupling 

of the insulin toTDIC. This explanation was substantiated by 

the results of experiments in which BSA was reacted directly 

with TDIC under identical conditions. However, it must be 

stressed that inthese experiments the concentration of TDIC 

was much higher than that remaining in solution after the first 

stage of reaction with insuline The mobility of thls BSA-TDIC 

adduct was indeed very much higher than that of intact BSA, 

i~e. 10.0 x 10-5 cm2/volt/sec·\. 

The Schlieren pattern of the products of the 

conjugation reaction revealed three components instead of two 

as was the case by paper electrophoresis. The present result: 

supports the earlier conclusion that IN-TDIC was not used up in 

the conjugation reaction, and that its apparent absence on 

paper electrophoresis might be ascribedto its being strongly 

adsorbed to the fil ter paper. 

The contribution of the IN-TDIC-BSA conjugate to the 

area of the Schlieren patterns was calculated as 40% of the 

total products of conjugation (fig~re 15 and table IV). 

Further information concerning the composition of the conjugates 

was obte.ined from a semi-quanti tati ve interpretation of their 
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Table III 

Electrophoretic mobilities obtained by Tiselius 
electrophoresis for the IN-TDIC-BSA conjug~te 

and control proteins in 1 g per. cent solution in 
pho'sphate buffer pH 7.5, ionic ~trength 0.1 and OOC 

Sample 
mobility 

~ x 105 cm2/volt/sec 

- 4.9 

- 6.3 

Control proteins; IN-TDIC Il.1 

Products of 
conjugation: 

(fast component) 

BSA 
(slow component) 

-
IN-TDIC 

(fastest component) 

IN-TDIC"::BSA 
(intermediate component) 

BSA 
(slowest component) 

- 6.1 

- 9.5 

- 7.5 

*Concentration used for these analyses was 0.5 g per cent. 
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Table IV 

ELECTROPHORESIS OF IN-TDIC-BSA CONJUGATES 

Relative areas in % 

IN-TDIC Conjugates BSA 
IN-TDIC-BSA 

Products of the conjugation 40.5 24 •. 6 

Control proteins 52.5 
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electrophoretic propertiesè From the relative areas in the 

Schlieren pattern, corresponding to insulin and BSA, the , 

molecular ratio of IN/BSA in the conjugate was calculated as 

2~4 + O~l~ This value would indicate that, during conjugation, -
the majo~ product formed had a molecular composition of 

(IN-TDIC)2-BSA and t~at the higher molecular weight compound 

corresponding to (IN-TDIC).3~BSA was formed to a lesser extent. 

Although the latter conjugate would be expected to have a 

substantiallY faster electrophoretic mobility than the former, 

no separation between. their boundaries was observed .... 

The molecular ratio of insulin to BSA in the conjugate 

was also estimated from the mobilities of TDIC-insulin and with 

with the help of equation 4. Thus, the weight fraction of 

IN-TDIC,i ... e. WIN-TDIC' was computed as 0.56. This result is 

in excellent ,agreement with the value of 0.54 calculated for 

the weight fraction of IN-TDIC in a conjugate having the 

composition of (IN-TDIC)2-BSA. Therefore, it seems reasonable 

to conclude.that the main product of the reaction was the 

trimer (IN-TDIC)2-BSA. 

, It was demonstrated earlier from the chemical,analysis 

of IN-TDIC that aIl free amino groups in insulin had been 

coupled to TDIC; therefore, no free amine group would be 

expected to be available for the dimerization of IN-TDIC. 

Consequently it would seem plausible to suggest that the 

(IN-TDIC)2-BSA conjugate was formed preferentially as a result 

of the simultaneous coupling of two IN-TDIC molecules to a 



- 80 -

single BSA. Since there are 49 free amino groups on a BSA 

mo1ecu1e avai1ab1e for the coup1ing at the second stage of the 

reaction, one May have expected a 1arger number of insu1in 

mo1ecu1es to be coup1ed per B8A mo1ecu1e. However, the free 

amino groups on the B8A mo1ecu1e are probab1y not equa11y 

reactive due to steric restrictions. Further evidence cou1d 

have been obtained by investigating the effect of concentration 

of BSA in the products of reaction. This aspect, however, was 

not pursued since the insulin-B8A conjugate described ab ove 

proved high1y immunogenic by themselves. 

(C) U1tracentrifuga1 studies 

Method 

The modified insulin (IN-TDIC), insulin, B8A. and the 

conjugate (IN-TDIC-B8A) were examined in a 8pinco Mode1 E 

opt1ca1 ultracentrifuge. AIl solutions were prepared in borate 

bUffer, pH 9.5, ionic strength 0.1. For these analyses the 

synthetic boundary ce11 (unless otherwise specified) was used. 

The cel1s were fil1ed with 0.4 ml of a 1% solution and centri­

fuged at a speed of 59,780 r.p.m. at 25°C. The sedimentation 

coefficients, expressed in Svedberg units (8 = 10-13 sec), were 

ca1culated with the aid of the standard equation 

8 = 
2.303 d10g x/dt 

. 2 

2 [59, 780] 4IT 60 
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The term dlog x/dt was evaluated graphically from the 

photographs of the Schlieren patterns by plotting log x against 

t, where x is the distance of the boundary from the center of 

rotation (in cm) and at a timet (in sec). The sedimentation 

coefficients were not corrected to standard conditions. 

Results and Discussion 

The ultracentrifugal patterns of free insulin, BSA, 

and· the control proteins (IN-TDIC + BSA) , as weIl as of the 

conjugate, are shown in figure 16, and the sedimentation 

coefficients are listed in table V. As can be seen, at the 

end of stage 1 of the coupling reaction the sedimentatfuon 

coefficient of insulin increased from 3.3 to 3.7 S. Previously, 

Fredericq (Ill) reported that a polymerie forro of insulin, 

which had been prepared by crystallizing insulin from a 

solution containing 1% zinc, had a molecular weight of 72,000; 

the sedimentation coeffictent actually measured in his 

experiments was S20W = 5.5;:a.~. Thus, the slight increase 

observed in this study is obviously not due to dimerization of 

insulin preparation, but is considered to be due to some 

structural changes of insuline In an earlier study in this 

laboratory (175,176), it had been demonstrated that proteins 

did not show a significant increase in their sedimentation 

coefficient when coupled to n-butyl isocyanate, while the 

introduction of naphthyl, estronyl or indole residues was 

associated with a measurable increase in their sedimentaion 
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Figure 16 

ULTRACENTRIFUGAL SCHLIEREN PATTERNS OF ·THE 
CONJUGATE AND THE REACTANTS 

Speed: 59,780 r~p.m. 
o 

Temp·erature: 25 C 

Time: 24 minutes 

Solvent: borate buffer pH 9.5, ionic strength 0.1 

(1) IN 0.5% 

(2) BSA 0.5% 

(3) IN-TDICO.5% 

(4) IN-TDIC-BSA 0.5% 

(5) IN-TDIC + BSA 1% (in equal concentration) 
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Table V 

SEDIMENTATION COEFFICIENTS OF THE CONJUGATE AND REACTANTS 

Sample Concentration 

IN 0.5% 

BSA 0".5% 

IN-TDIC 0.5% 

IN-TDIC + BSA 1.0% 

IN-TDIC-BSA 0.5% 

*Svedberg unit = 10-13 

Sedimentation * 
coefficient (S) 

3.3 

4.6 

3.7 

4.5 

6.4 

sec. 
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coefficients. This finding w'as attributed to certain. changes 

in the tertiary structure of proteins, which were·imposed by 

the large and rigid hydrophobie aromatic residues but not by 

flexible aliphatic grouping. Hence, in the present study, the 

observed change in 'sedimentationbehaviour of insulin which has 

been coupled to TDIC might be attributed to the incorporation 

of the aromatic residues into the insulin molecule. The 

.1ittle peak in the descending boundary of figure 16(1) and 

figure 16(3) was stationary; it represents some imperfection 

in the optical system. 

The Schlieren pattern of the conjugate, IN-TDIC~BSA~ 

showed only a single peak, but somewhat ·urlsymmetrical and 

broader than that of insulin, thus suggesting the presence of 

some ',fas·ter sedimenting compounds. The sedimentation 

coefficient of the main component of the conjugate was 6.4 s, 

which is significantly higher than that of IN-TDIC or BSA. On 

the other hand, the pattern of the control proteins 

(IN-TDIC + BSA) showed only one symmetrical peak with a 

sedimentation coefficient of 4.5 S, while the boundary corres­

ponding to that of IN-TDIC was not observed. This might be 

due to the lack of resolution of these two compounds in the 

ultracentrifuge, as the sedimentation coefficients of IN-TDIC 

and BSA differ by only 0.8 S. However, it might also 

represent a system of components which interact with one 

another in a reversible manner, the ultracentrifuge patterns 

being dependent on the rate of re-equilibration as compared to 
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the rate of centrifugaI separation of the component. 

Longsworth and MacInnes (177), in a fundamental paper 

dealing withinteracting systems during electrophoresis, 

discussed various possibilities, which apply also to the 

proc,ess o.f ultracentrifugation. If the association reaction 

is fast and th~ dissociation slow, the system will behave as a 

mixture of-the complex s:nd the component present in excess (if 

neither of thecomponents.is in excess, then only the complex 

will be observed). Conversely, the system would appear 

essentially as a mixture of two independent components if the 

dissociation reaction is rapid and the association is slow. 

When both reactions are·sl.ow, but comparable in velocity, the 

pattern at equilibrium will indicate the presence of both 

individual components, as weIl as of the complexe Finally, 

there is the system, which i~ apparently common in biochemistry, 

in which both the forward and reverse reactions are very rapid 

and the reaction velocities are comparable in magnitude. 

Equilibrium is maintained despite the tendency toward 

separation of the species according to their sedimentation 

coefficients. This system was analysed by Gilbert and 

Jenkin (178). If the complex, C, has a sedimentation rate 

which is appreciably different fromthe faster sedimenting 

component, B, in the reaction (A + B ~C), the readjustment to 

equilibrium may cause depletion of A from the upper region of 

of the ultracentrifuge celle This is expected to occur 

because as C migrates out of the reaction zone, the two 
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components A and B react immediately to form C, thereby 

re-establishing the equilibrium. The newly-formed complex 

would then migrate with its characteristic sedimentation rate, 

and the equilibrium would again be disturbed only to be 

. re-established by a repetition of the above process. The net 

effect of this phenomenon would be a continuous depletion of A 

from the upper region and the lack of separation between the 

boundaries of Band C, which may appear as a boundary with a 

sedimentation rate intermediate between those of these two 

species. However, in the present case, the pattern of the 

control proteins (IN-TDIC + BSA) whic~ consisted of a single 

peak, did not fall into any of these catagories as neither an 

additional boundary corresponding to that of the conjugate 

(6.4 S) nor a compound boundary intermediate between that of 

the free,·intact BSA (4.6 S) and that of the conjugate (6.4 s) 

was observed. It would, therefore ,. seem reasonable to suggest 

that the observed single peak for the mixture of control 

proteins was due to lack of resolution in the ultracentrifuge. 

To further clarify this point, ultracentrifugal 

analyses were carried out on mixtures of the control proteins 

àt different IN-TDIC and BSA concentrations. The Schlieren 

patterns obtained are shown in figure 17. As can be seen, a 

single peak was observed irrespective of.the relative 

concentrations of IN-TDIC and BSA, and there was no aggregate 

corresponding to fast sedimentati:ng species. Furthermore, at 

low IN-TDIC : BSA ratios, the sedimentation coefficients 
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Figure 17 

ULTRAcENTRIFUGAL SCHLIEREN PATTERNS OF THE 
CONJUGATE AND THE REACTANTS 

Speed: 59,780 r.p.m. 

T t Z,S°C. empera ure: 

Time: 24 minutes 

Solvent: borate buffer pH 9.5, ionic 

(1 ) IN-TDIC 0~1% + BSA 0.5% 

(2) IN-TDIC 0.3% + BSA 0.5% 
.. 
(3) IN-TDIC 0.5% + BSA 0.5% 

(4) IN-TDIC 0~7% + BSA 0.5% 

( 5) IN-TDIC 1.1% + BSA 0.5% 

(6) IN-TDIC 1.0% + BSA 1.0% 

strength 0.1 
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measured corresponded essentially to the value expected for 
BSA alone, 1.e. 4.6 S (table VI). As the IN-TDIC : BSA ratio 
increased. the sedililentation coefficients decreased. 
Consequently, if protein-protein interactions had occurred, a 
species with a higher sedimentation coefficient should have 
been observed. Furthermore, the sedimentation coefficient 
observed for the mixture of control proteins (IN-TDIC + BSA) 
in equal weight, at a total protein concentr~tion of 2%, was 
3~8 S. This further decrease in sedimentation coefficient is 
not unexpected. As the total protein concentration increases, 
the medium becomes more viscous and consequently causes the 
protein molecules to sediment more slowly. 

Renee, the results of the ultracentrifugal studies 
further support the earlier conclusion drawn from paper and free . 
electrophoresis that the insulin had been coupled covalently 
to the BSA molecule. 
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Table VI 

SEDIMENTATION COEFFICIENTS OF CONTROL PROTEINS 
(IN-TDIC + BSA) IN DIFFERENT CONCENTRATIONS 

% concentration in the 
control prote in Sedimentation 

IN-TDIC BSA coefficient (s) 

0.5 0.0 3.7 
O~O 0.5 4.6 

0.1 0.5 4.6 

0.3 0.5 4.6 

0.5 0.5 4.5 

0.7 0.5 4.3 
1.1 0.5 4.1 

1.0 1.0 3.8* 

oJ~ Because of high prote in concentration, the 
standard ce11 was used for this experiment. 
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Preparation of the 3-nitrobenzene sulphonic 
acid-insulin conjugate 

Introduction 

At the outset of this investigation, it had been 

intended to study both the specificity of the antibodies to 
, 

insulin as weIl as the kinetics of the reaction between 

antibody and insuline Previously, Farr (179) described a 

method of measuring the binding ofantibody to an albumin 

antigen whièh did not require the formation of spontaneously 

precipitable complexes. The method was based on the 

differential solubility of albumin and globulin in half-

saturated ~onium sulphate. At this salt concentration, 98% 

of the antibody globulins and the corresponding antibody-

antigen complex are precipitated. Thus, if, in such a 

separation, the albumin antigen has beenpreviously trace­

labelled with I131, the fraction of antigen bound may be 

quantitatively determined from the distribution of the 

radioactivity between the separated precipitate and supernatant. 

The determination of the free and bound forms of the 

antigen is a prerequisite for the calculation of the equilibrium 

constant for an antigen-antibody reaction, and this procedure 

has been commonly used in equilibrium dialysis experiments with 

small haptens (180-181). Unlike this method, however, the 

Farr-technique is rapid, the antibody-antigen complexes as weIl 

as any unreacted antibodies being precipitated from the 
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reaction almost 'instantaneously' on' addition of ammonium 
sulphate to half saturation. Consequently. at the beginning 
of this study, this precipitation process was considered as a 
possible 'quenching' reaction capable of application to the 
study of the kinetics of the reaction between I 131_1abelled 
insUlin and homologous rabbit antibodies. However, since 
insulin is almost completely insoluble in half-saturated 
a~onium sUlphate, it was conjugated to the highly soluble 
4-fluoro-3-nitroberlzene sulphonic acid (figure 18) in the 
expectation that the resulting conjugate would have sufficient 
solubility in half-saturated ammonium sulphate so as to render 
the study of the kinetics possible,. 

Method: 'and :'Resul t 

Preparation of 4-fluoro-3-nitrobenzene' 
sUlphonic acid 

4-fluoro-3-nitrobenzene sulphonic acid (referred to 
hereafter as FNBS) was prepared according to the method of 
Plenikowski (182). To 20 g of fuming sulphuric acid (20% S03) 
was added slowly 5 g of fluorobenzene with vigorous stirring. 
C t k t t th i f t t over 500c. are was a en 0 pre ven erse 0 empera ure 
As soon as all the fluorobenzene had dissolved, 5 g of fuming 
nitric acid (d = 1,.48) was added dropwise with stirring keeping 
the temperature below 1000C. The solution was then maintained 
at room temperature for 20 minutes before the addition of 30 g 
of fuming sulphuric acid (10% S03). The resulting solution 
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Figure 18 

FLOWSHEET OF THE PREPARATION OF IN-NBSNa 
PROTEIN CONJUGATE 

T.US pr'~': 



~ 

N02 

RrNH2 + F ~ "' S03Na 
Pr.otein~ Sodium 4-fluoro-'-nitrobenzene sulphonate 

(FNBSNa) 

4% N02C03 

~ 
Cl 

N02 

1 
RaNH -----...(<( )>--- S03Na 

Protein-NBSNa conjugate 
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was heated on a steam bath for 4 hours; it was then maintained 

at room temperature overnight and finally 30 ml of chilled 

water was added to it. The su1phoxide, obtained as a side 

product, precipitated out at this time. For oxidation of the 

su1phoxide to the corresponding sUlphonic acid, a stream of air 

was bubbled through the mixture unti1 most of the precipitate 

dissolved. The small amount of precipitœte whieh persisted 

was removed by filtration tBrough a sintered glass funnel. 

The product crysta1lized out on cooling and was recrysta11ized 

from warm HCI. The high1y acidic product was then converted 
1 

to the corresponding sodium salt by recrystallization from a 

saturated sodium chloride solution. 

The.evidence for the introduction of N02 and 803 

groups into the fluorobenzene molecu1e was obtained by infrared 

studies (figure 19). The spectrum showed two extremely strong 

absorption bands at 1540 cm-l and 1350 cm-l, corresponding to 

the asymmetric and symmetric stretching vibrations of N02 

group. The presence of the 803 group was identified as the 

-1 4-1 intense band alt 1200 cm and 10 ° cm while the C-8 
-1 stretching vibration appeared as a weak absorption at 670 cm • 

In addition, the ch~racteristic out-of-plane CH stretching 

vibration for each of the two adjacent ring H atoms and one 

isolated ring hydrogen atom at 850 cm-1 and 920 cm-l, 

respecttvely, suggested a 1,3,4-trisubstituted aromatic ring. 

Thus, the product obtained was considered to be thé desired 

compound. 
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Figure 19 

INFRARED ABSORPTION SPECTRUM OF FNBS 

OBTAlNED IN KBr PELLET 



-..-~-~~ 

<~~-~~:~:.~~2/:"--
--" _.- ---

~:,,"""'"" .. "- , " ". ": ... -

®)-:'.'."C:.­;~~~~ ~,; 

~'-

1 
" __ f:~k~~~~},;~,y~'C.PE~:R~,,~;~,~~;~ ".··WAtlENTH . (MICR~~S) n c... ... 

1
r .. ·''''1ra.. .. 14 cI ' ! ~. 1 1 1 1 . 1 ~ 1 1 1 1 1 1 -- ]00 .·:~·t~~~.I--~-.. ~> .. ·=.: :=-_,.~ ~L~' L .. ~ L; .. 1 __ 1:- ·1- - -I~·-: --~:·-k::_=n __ >:H --- 1 Il . -11- 11 - - -- ----"-

.. ,~ , .. -._-- - :.';":,1.: --,.=--1-- '".- --'-- -,-:'F:-;:: 
_. 

1:2:60" Ic'''''' ,.' .... 1 \1 l'" 1 ;, 1 f 

:"1 ( 1 . 

~ , 
J 

-T· 
1 

fi 

, 

~ 

-~ 
r---t 

1 ,en 
\1 :! tf 

li 
:1-li~~ l'i" X'>~ç:,~~~;~:: < " :"~ . ~,' '1 ~ ji\fifV II .... ,. ., : it 

z" ,. .. , .. .... .. ... "," !~ • 1 '. Il,''!! '1f 
<C.2:. 'c'. ",'. '.. • .... ,:.' 1 . '" 1; . ,: ," 1" IX', • '. ..... l' " , 1 . Of.· 
f-. _--;_'C t::->__ '-"1 1" , ' lU . .. l ' 1 .'i}"<'. . ~.' ,'.... fT ,i; ln , ' T' .... 2Q '. .... 1 ru ., 1 ~lf~,,;~;~c;,: " ..... , .. ', .. 1 il 1 ~ ;, " -l 

. Il --1··11 l ,.iI' 1· _, _, ' 1 " t -1 1 

, 
1 1 

8 

6 

4 

2~ 

,i!ti~el1t~=r~~~t ..mtlll·l' "1'·1 V U 1 . V . Il 10 
~'}{4000 _ 3000 2000 1500 - . 1000 900 800 700 
[~~;~~~l~~{~··:=~t~:·;·:_: :-~._--j:- - .. --\~~o~~.~·: __ :j.:, )~-- -:~-~, CM-l 
~-/f~~r.~i~~l~,o:(y;_~: '?"-':~ .-



- 95 -

analysis. 

The product was also subjectted to qualitative 

Fifty-five ml of water containing 1.3 g of FNBS, 

1.3 g of K
2

C0
3 

œnd 0.8 g of glycine, was warmed in a steam bath 

to 60
o
c. An orange-red colour appeared, indicating that 

coupling between the NH2 group of the glycine and the product 

had occurred. 

Preparation of insulin-nitrobenzene-sulphonic 
acid conjugate (IN-NBSNa) 

.. 0 
AlI operations were carried out Œt 0 - 4 C. To 40 ml 

of 4% Na
2

c0
3 

containing 200 mg of the sodium salt of 4-fluoro-

3-nitrobenzene sulphonic acid (FNBSNa) was added 200 mg of 

insuline The mixture was stirred until aIl insulin dissolved 
o 

and the resulting solution was incubated at 4 C for 24 hours. 

The reaction was terminated by adjusting to pH 7.5, and the 

clear yellow solution was then dialysed against frequent 

changes of 2 liter portions of buffered-saline (pH 7.5) for 

three days and then against distilled water for 24 hours. The 

small amount of precipitate, formed at the end of the dialysis, 

was removed by centrifugation. Finally, the solution was 

lyophilized to a bright yellow fluffy product. Further 

purification was achieved by chromatography on a Sephadex G-75 

column (2.5 cm x 35 cm), which resulted in the complete 

separation of IN-NBSNa from FNBSNa and the sodium 4-hydroxy-

3-nitrobenzene sulphonate (HO-NBSNa), which was obtained during 

the conjugation process as a result of the decomposition of 
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FNBSNa under alkaline conditions (figure 20). The latter 

procedure was found unnecessary after prolonged dialys1s. 

The product was subjected to the test ~iven below in 

order to establishthat conjugation had actually taken place. 

AlI analyses were performed1n the same manner as desc~ibed 

earlier for the characterization of IN-TDIC-BSA conjugate. 

From chemical analyses (figures 21 and 22) it was 

deduced that under the experimental conditions used, aIl free 

NH2 groups of insu11n had been coupled tb FNBSNa. Thus, the 

reaction of insulin with FNBSNa was similar to that with TDIC, 

inasmuch as both of these reagents reacted wi th aIl free amin.o 

groups of insulin; nevertheless, FNBSNa was far less reactive 

than TDIC. In the study of the coup11ng of insulin with 

TDIC, it was observed tthat the E-amino group of the lysine 

residue could be reacted at pH 9.5. However. attempts to 

couple FNBSNa to insulin at a pH lower than Il.0 were 

unsuccessful. Thus, it appears that the reaction was 

catalysed in alkaline medium. However, it ought to be 

stressed that the phenolic groups of insulin had not reacted 

under the conditions used; this result confirms the earlier 

fi~ding in the study for the conditions for coupling TDIC with 

insulin and that the OH groups of insulin were less reactive 

than the free NH
2 

groups. 

From the Schlieren records of the ultracentrifugal 

analyses shown in figure 23, it can be seen that the conjugate 

consisted of a single component having a sedimentation 
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Figure 20 

SEPARATION OF IN-NBSNa CONJUGATE FROM FNBSNa 

AND HO-NBSNa ON SEPHADEX G-75 COLUMN 
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Figure 21 

STANDARDCURVES FOR IN AND IN-NBSNa 

CON~GATES OBTAINED WITH NINHYDRIN 
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Figure 22 

STANDARD CURVES FOR IN AND IN-NBSNa CONJUGATES 
OBTAINED 'vITH THE 'PHENOL REAGENT' 



O· D· ot 7'50 mJL 
Q Q Q 0 - - -• • . 
0 ~ en • 0 1\) ~ en 
0 0 0 0 0 0 0 

0 

Q 
(JI 

• + 

-· 0 n z 0 
z (f) 

c... C 
C C 
Cil Z 

-" ~ · (JI l'TI 

-0 
:::0 
0 
-II\) 
(TI. 
2 0 

-z 
1\) 

3 · (JI 

cO 

~ · o 



- 100 -

Figure 23 

ULTRACENTRIFUGAL PATTERNS OF IN-NBSNa 

CONJUGATE 
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coefflclent of 4.28. 81nce the conjugatlon reactlon was 
carrled out ln 4% Na2C03 (pH = 11.3), there ls a posslbl11ty 
that the small amount of zlnc, whlch ls non=covalently bonded 
to lnsul1n could have been dlssoclated from the crystall1ne 
lnsul1n. Thus, the lnsul1n, after the conjugatlon reactlon, 
could have become zlnc free. As already mentloned in Chapter 
II, zinc-free insul!n is not homogeneous with hespect to mole­
cular weight, which de pends on pH and lnsulin concentration. 
Previously, Marcker (114) reported that at a concentration up 
to 0.2% and a ooncentration up to 0.5%, the molecular weights 
of zinc-free insulin measured by osmometry at pH 9.10 were 
12,000 and 24,000, respectively. On the other hand, by 
sedimentatlon experiment at pH 9 and 10, Fredericq (109) observed 
the sedimentation coefficient of 0.25% zinc-free insulin in 
potassium chloride-glycine solution (ionic strength 0.1) to be 
approximately 1.3. In addition, he demonstrated the presence 
of the monomer of insulin with molecular weight of 6,000 in 
dl1ute aqueous solution. In the present study, ultracentrifugal 
analysis of IN-NB8Na was carried out in borate buffer, pH 9.5, 
ionic strength 0.1. Under these experimental conditions, it 
is anticipated that a sedimentatlon coefficlent much smaller 
than 3.3 should have been observed if the zinc ions had been 
dissociated from the crystall1ne insulin. The increase in sedi­
mentation coefficient thus indicates that the zinc ions were not 
dissoclated from the cystalline insulin. Moreover, this 
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result suggests a ohange 1n 1nsu11n struoture brought about 
through the ooup11ng between 1nsu11n and FNBSNa. 

- IV • ". - - hl T'"'' -, 'j')' 

Thehblook1ng of the free NH2 groups by FNBSNa was 
further demonstrated by the s1gnlf1oant 1ncrease 1n the anod10 
mob1l1ty of the 1nsu11n derlvat1ve on paper eleotrophoresls 
(f1gure 24). Under the exper1mental oond1t10ns of the 
eleotrophoresls, 1.e. at pH 6.0, the S03Na groups are fully 
10nized, 1.e. they assume a negat1ve oharge; thus, the ohange 
1n mob111ty 1s not due only to the e11mlnat10n of the 
potent1ally pos1tive NH2 groups, but more lmportantly to the 
1norease of the an10n10 groups. 

Insu11n 1s fa1rly soluble 1n a few organ10 sol vents 
(183); however, 1ts solubf11ty 1n neutral aqueous solut10n 
1s low. Prev10usly, lt was reported by Cohn et al. (184-185) 
that the solub1l1ty of 1nsu11n was about 1~pg/11ter 1n neutral 
aqueous med1um and that w1th orystal11ne z1no 1nsu11n, 
conta1n1ng 0.33 - 0.35% z1nc, the solub1l1ty was 0.003 - 0.13 
g/llter 1n the pH range S.8 - 6.1 at SoC. Usually h1gh 
concentratlon of 1nsulln solut10n oan be obta1ned by d1ssolv1ng 
1t ln a small amount of ac1d (pH = 1.0) or alka11ne (pH = 12.0) 
and subsequently d1lut1ng 1t to the requ1red pH with the 
appropr1ate buffer. In the present study, 1nsu11n was coupled 
to FNBSNa. Beoause of the 1ncorporat10n of the NBSNa res1dues 
1nto the 1nsu11n molecule, the conjugate d1ssolved read1ly 1n 
neutral buffer up to a concentrat10n of 2%. 
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Figure 24 

Paper eleetrophoretie patterns of IN and IN-NBSNa 
eonjugœtes in phosphate buffer pH 6.0, 

ionie strength 0.025 

Voltage 

Current 

Time 

Temperature 

110 V 

7.5 mA . 
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125 
Solubility of l -IN-NBSNa in 

half-saturated ammonium sulphate 

Method and Result 

Diluent - The borate buffer used in these experiments 

* had a pH of 8.3, ionic strength of 0.1 • 

The saturated ammonium sulphate (SAS) was prepared 

at 4°c because all centrifugation was carried out at this 

temperature. Care was taken to prevent supersaturation by 

maintaining a small amount of undissolved ammonium sU1phate in 

the OoC stock SAS. 

The normal rabbit serum (NHS) used in these 

experiments was separated from the clot within 24 hours of the 

time it was drawn. It was either used in this state or 

subsequently frozen and stored at _20oC until ready for use. 

Antigen was diluted with 1:100 normal rabbit serum 

in borate buffer· (1 :100 NHS-borate). The 1:100 NRS-borate was 

necessary to prevent absorption of antigen on the surface of 
125 glassware and to prevent denaturation of l -IN-NBSNa by the 

effect of dilution. 

I125_IN_NBSNa was iodinated by Charles E. Frosst & 

Co., "Montreal. This batch of I 125_IN_NBSNa, with specifie 

* The borate buffer was prepared by dissolving 6.184 g borie 

acid, 9.356 g sodium tetraborate and 4.384 g sodium chloride 
in one liter to give pH 8.3 - 8.4. 
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activity of approximately 2 mc/mg, was purified by passing 

through a column of Sephadex G-75 (1 cm x 40 cm). The I125_ 
125 IN-NBSNa thus purified contained less than 1% free l as 

measured by precipitation of protein with 10% trichloroacétic 

acid. 125 For the analysis of the exact concentration of l -

IN-NBSNa the optical method was employed. For this purpose, 

the optical densities of various concentrations of non-labelled 

IN-NBSNa in borate puffer, pH 8.3, ionic strength 0.1, were 

.measured with a Beckman spectrophotometer (Model DU) at 280 mft, 

and a standard curve was obtained by plotting the optical 

densi ty vs'~' the protein concentration (figure 25). Then, the 

optical density of a stock solution in the borate buffer, 

containing relatively high concentration I12~_IN~NBSNa was 
.-

similarly determined and the exact protein concentration could 

be read from the standard curve. The stock solution was 

further diluted with 1:100 NHS-borate to give a solution 

containing I 125_IN_NBSNa of the concentration in the order of 

10 jJ-g. 
125 The measurement of radioactivity from l was 

performed in the automatic liquid scintillation spectrometer 

(Ansi tron, lolallingford, Conn.). Bray's solution (186) was 

chosen as liquid scintillator because of its high efficiency 

and high water holding capacity (187). The scintillation 

solution consisted of 4 g of 2,5-diphenyloxazole (PPO), 0.2 g 

of'1,4-bis(4-methyl-5-phenyl-2-oxazolyl)benzene (DM-POPOP), 

60 g of naphthalene, 20 ml of ethylene glycol, and 100 ml of 
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. Figure 25 

STANDARD CURVE FOR DETERMINATION OF I125_IN_NBSNa 

BY OPTICAL DENSITY METHOD AT 280 ~ 
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methano1 dissolved in p-dioxane to make up a total volume of 

1 liter. 
125 To determine the energy spectrum of l activity, a 

125 
sma11 volume (~0.1 ml) of l -1N-NBSNa stock solution was 

added to 15 ml of the scintillation solution in a vial, which 

was then p1aced in the spectrometer. The single channel 

analyser in the spectrometer with a window opening of 5 units 

(0.5% of the maximum lower discrimination 1eve1 scale) was used 

to scan through the entire spectrum. The counting rate 

obtained at each lower discrimination 1eve1 sett~ng is given in 

figure 26. The peak is due to the gamma rays of 35.5 keV 

emitted during the decay of 11
2

5 by e1ectron capture. The 

lower side of the peak exhibits a shou1der, which is due to the 

K X-rays of 31.8 keV emitted as a result of e1ectron capture in 
125 

the decay of l • After the spectrum had been determined, 

the single channel analyser of the spectrometer was set to 

inc1ude counts in the peak.:on1y for a1l subsequent countings of 

the protein samp1es. This w~s done to minimize background 

counts. A11 measurements were carried out at a tempe rature of 
o 4 C for sufficient time (5 minutes) to obtain a statistica1 

error of·1ess than 1%. 
125 

For the determination of the S91ubi1ity of l -1N-

NBSNa in ha1f-saturated ammonium su1phate solution, 1 ml of 

1:100 NRS-borate conta1ning 1125_1N_NBSNa at 4°C was added to 

an equal volume of the saturated ammonium sUlphate in a 15-ml 

centrifuge tube. The mixtures were shaken vigorous1Y to 
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Figure 26 

125 
LIQUID SCINTILLATION SPECTRUM OF l 

IN BRA~cr S SOLUTION 
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o 
ensure thorough mixing, incubated at 4 C for 30 minutes and 

centrifuged at a speed of 2,000 r.p.m. for 60 minutes in an 

International centrifuge. The supernatant was separated by 

decantation and 0~4 ml of the supernatant was added to 15 ml 

of the scintillation liquid for counting. All experiments 

were set up in triplicate~ Results of the present 

investigation (table VII) indicate that at half-saturation 

with ammonium sulphate solution, at which 98% of antibody 

globulins and the corresponding antibody-antigen complexes 

are precipitated, 65 - 70% of the I 125_IN_NBBNa was also 

precipitated. Bince for kinetic studies it is essential to 

establish unequivocally the concentrations of the free and 

bound forro of the antigen, it became obvious that this approach 

was not going to be fruitful, and it was decided to abandon the 

study of kinetics of this reaction. Nevertheless, the greatly 

increased solubility of IN-NBBNa with respect to that of 

insulin was taken advantage of in the study of the' specificity 

of the antibodies to insuline 
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Table VII 

125 
SOLUBILIT~ OF l -IN-NBSNa AT HALF-SATURATION 

WITH AMMONIUM SULPHA~ 

Concentration Original activity Acti v'i ty in % in 
in in total No. of supernatant supernatant 

j.A.g/ml counts in total No. 
of counts 

0.5 20,118 6,679 33.2 
Il 7,163 35.6 

" 6,820 33.9 

1.5 58, ê'57 19,190 33.0 

" 19,426 33.4 

" 20,552. 35.4 

3.1 122,900 39,920 33.,3 

" 39,168 31.8 

" 42,104 34.2 

5.0 19,754 60,447 30.6 

" 65,978 33.4 

" 69,336 35.1 
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CHAPTER 4 

STUDIES ON PRODUCTION AND SPECIFICITY OF 

ANTIBODIES TO INSULIN 

Introduction 

A procedure for coupling insulin to proteins by 
stable covalent bonds was described in the previous chapter. 
The possibility that the immunogenicity of insulin might be 
enhanced by coupling it to a carrier prote in was investigated 
by immunizing rabbits with IN-TDIC-BSA conjugates. The 
antibodies produced in this manner were characterized'by 
immUnochemical techniques and the results are described in 
this chapter. 

Method 

Preparation of Antisera 

Solutions containing IN-TDIC-BSA conjugates were used 
for immunization of albino rabbits weighing 3 to 4 kilograms. 
These animaIs received a series of intravenous injections of 
l ml of a 1% sterile saline solution of the immunizing antigens, 

* three times a week for five weeks • The immunizing antigens 

* The œuthor is indebted to Mr. Rabasse for his help in 
immunizing the rabbits. 
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consisted of BSA and the conjugates of IN-TDIC-BSA and IN-TDIC, 

which had been described in Chapter III. Blood samples were 

collected periodically starting six days after the last 

injection and the presence of antibody was detected by ring 

test. The animaIs whose sera did not contain antibodies by 

this test were re-immunized according to the same schedule 

after a rest period of two weeks. The rabbits which produced 

antibodies were bled once a week (50 to 10 ml) and re-injected 

with 1 ml of the immunizing antigens immediately after 

bleeding. This schedule was followed for about 6 months. 

The blood samples were allowed to clot at room temperature and 

were then placed in a cold room to allow the clot to shrink. 

The serum was then separated by centrifugation, Seitz filtered 
o 

into sterile vials, and stored at 4 C until required. 

Demonstration of precipitating antibodies 

Ring test 

Ring tests were performed in small test tubes 

(4.5 cm x 0.5 cm) by layering carefully 0.5 ml of different 

concentration·of insulin in veronal buffered saline, pH 7.5, 

ionic strength 0.1, over 0.5 ml of the antiserum. The tubes 

were kept at room temperature for 1 to 2 hours. The presence 

of antibody was manifested by the appearance of a precipitate 

in the form of a ring at the interface. The sera giving a 

ring within 2 - 5 minutes were graded as (3) +, (2) +, and (+) 
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respectively. The specificity of the reaction was demonstrated 

by the absence of a ring when the sarne solution of the antigen 

was layered over a normal rabbit serum. 

Micro-Duchterlony technique 

Standard microscope slidè.s (17 • .5 cm x 6 cm) were 

first coated with a thin layer of agar by applying 0 • .5 ml of a 

hot solution of a 1% agar in distilled water and evaporating 

off the water in a stream of hot air. A warm solution of 1% 

agar in 0.9% saline, containing one part of merthiolate in 

.5,000, was then layered over the agar film to give a thickness 

of 2 mm. When the gel had solidified, the desired pattern of 

wells for the antibody and antigen solutions was prepared by 

removing the agar with a dull syringe needle (gauge #13) 

attached to a wate~ aspirator. The distance between the wells 

varied between 4 and 8 mm. The wells were filled only once 

and the slides were placed in an air-tight container saturated 

with water vapour. 

Precipitin reaction 

In aIl experiments 1.0 ml portions of the antiserum 

were added to a series of tubes each containing decreasing 

amounts of the antigen solution in l ml of veronal buffer 

(pH 8.6, ionic strength 0.1). After mixing the two reactants, 
o 

the solutions were incubated for 4 hours at 37 C and then for 
o 

48 hours at 4 C. The precipitates were packed to the bottom 
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of the tubes by gentle centrifugation and washed three times 

with 2 ml volumes of chilled saline. The amount of 

precipitated protein in each tube was·determined by the micro-

Kjeldahl procedure of McKenzie and Wallace (188). For this 

purpose, the precipitated proteins were digested with 0.8 ml 

'of concentrated H2S04 containlng about 100 mg of K2S04 plus 

* 0.2 ml HgS04; during this process, the prote in nitrogen was 

To each tube was then added 5 ml of 

40% NaOH and the ammonia liberated was steam distilled into a 

** solution of borie aeid conta~ning methyl red and methylene 

blue as. an indicator. 

**.ff 
Titration was performed with 0.001 M 

KH(I03)2 . solution. 

Micro-hemagglutination 

Rabbit erythrocytes coated with the antigen, i.e. 

'sensitized' erythrocytes, were used in the passive 

hemagglutination technique. Blood was collected from the 

marginal ear vein into an equal volume of Alsever's solution 

(189) from rabbits which had not been previously bled or which 

had been allowed to rest for at least six weeks after an 

*20 g of HgO dissolved in 200 ml of 4N H2S04. 

**15 g of borie acid + 10 ml of 0.2% methyl red + 5 ml of 0.2% 

methYlene blue per 1.5 liter. 

analytical gra e was pure ase rom s er ***KH(I03)2 of d h d f Fi h 

Scientific Co., Montreal. 
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'* earlier bleeding • The blood in Alsever~s solution was not 

used for more than a week and was stored at 4oC. The serum 

used as diluent was isolated from",",the blood of the same rabbi t 

whieh supplied the erythroeytes. The complement in this serum 
o 

was inaetivated by heating at .56 C for JO mlnutes, and the 

serum was then diluted 100-fold with veronal-buffered saline 

(pH 7&.5, ionie strength 0.1). 

Bis-diazotized-benzidine (BDB) was prepared aceording 

to the method previously used in this laboratory (77); it was 

essential to maintain the tempe rature of the reaetion mixture 
o 

at 0 C. The reaetion was allowed to proeeed for JO minutes 

with intermittent stirring~ The final produet was a pale 

yellow solution; small volumes of ~1 • .5 ml of this solution 
o 

were then plaeed into 4 ml vials, frozen at -80 C (in dry iee-

aeetone) and maintained at _20oC until required. Before 

eoupling the antigen to erythroeytes, the frozen BDB solution 

was melted quiekly by rotating the vial in the palm, and l ml 

** of it was added to 14 ml of isotonie phosphate buffer , 

pH 7.J, ionie strength 0.1.5, whieh had been pre-eooled to 4°C 

(this solution will be referred to hereafter as EDE-phosphate 

*rf the erythroeytes were obtained from rabbits bled within a 
shorter interval, false positive hemagglutination oeeurred, 
probably due to the fragility of the red blood eells formed 
by the animal under this stress. 

~Hr 
The phosphate buffer was prepared by mixing 21.5 ml of 0.1.5 M 

Na2HP04 with 49 ml of 0.1.5 M KH2P04 • 
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solution) • This solution must be used as soon as possible so 

as to minimize its deterioration, which is detected by the 

formation of coloured products. 

Sensitization of the erythrocytes 

The packed cells were washed three times by 

resuspending them in cold physiological saline and recentri-

fugation and were then suspended in an equal volume of saline 

L50%. (v/v) red cell suspension? In aIl experiments, 3 ml of 

isotonie phosphate buffer solution containing the optimal 

quantity of insulin was mixed with 0.1 ml of this cell 

suspension. The optimal amount of BDB-phosphate was then 

added and the suspension gently mixed and allowed to stand at 

room temperature for 15 minutes with occasional stirring. 

The 'sensitized cells' were separated by centrifugation and the 

supernatant was discarded. These cells were then washed with 

3.5 ml of diluent and finally were suspended in 5 ml of diluent. 

Standardization of the method 

It was necessary to determine the optimal ratio of 

BDB to insulin for the sensitization of erythrocytes. When 

excess insulin was used, the cells were not agglutinated by the 

insulin antisera. If too little insulin was used, 

agglutination and lysis occurred after the addition of BDB-

phosphate to the cell suspension. To establish the optimal 

amounts of each batch of BDB and antigen for a constant number 
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of erythrocytes, the follow1ng procedure was used: (i) the 

volume of BDB-phosphate was varied keep1ng the ant~gen 

concentration constant, and (i1) the antigen concentration was 

varie.d. and the volume of BDB-phosphate kept constant. The 

proportion of the BDB-phosphate solution to antigen was 

considered optimal when the highest hemagglutinat10n titers 

were obtained with a g1ven antiserum and when no false positive 

patterns were observed in controls. For optimal sensitization, 

0.1 ml of a 50% (v/v) red cell suspension mixed with 3 ml of 

insulin solution (containing 1.0 mg) required 0.25 ml of 

BDB-phosphate buffer. 

Performance of the hemagglutination test 

The micro-hemagglutination test was performed with 

the Microtit kit, purchased from Metrimpex, Budapest, Hungary. 

The method was essentially similar to that developed by 
,,1-

Takatsy (190). The plexiglass plates had 6 rows of l2 wells; 

the wells were conical at the bottom. 

To remove non-specifie agglutinins, aIl sera '{>J'ere 

treated (i.e. adsorbed) with an equal volume of packed red 

blood cells for one hour at room temperature. The cells used 

for absorption and sensitization were obtained from the same 

rabbit. A volume of 0.05 ml of diluent was placed into each 

"\oThe calibration of the droppers and loops had been done in 

this laboratory by Mrs. A. Reiner. 
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we1l with a ca1ibrated dropper (2 drops). Two series of 

two-fo1d seria1 dilutions of the absorbed antisera were 

prepared in p1exig1ass plates uSing stain1ess steel loops of 

known volume (0;05 m1)·~· To each we11 was then added one drop 

(O~025 ml) of the sensitized ce11 suspension. The plates 

were gent1y shaken and the reaction was.a110wed to proceed for 

3 hours at room temperature. Resu1ts of the reaction were 

read after 4 to 6 hours. The' titer of each antiserum was 

expressed as the reciproca1 of the highest dilution of the 

antiserum which still gave a positive test. 

For the demonstration of the specificity of 

immunochemica1 reaction by the hemagg1utination inhibition 

procedure, 10fig of insUlin in 0.025 ml was added to each we11; 

for additiona1 contro1s, 0~025 ml of the diluent was added to 

each we11 in another seria1 dilution of the same antiserum. 

Immunoe1ectrophoresis 

Immunoe1ectrophoresis was carried out with the LKB 

immunoe1ectrophoresis apparatus (Mode1 6800 A). The method of 

preparing the agar slide was essentia11y the same as that for 

the Ouchter10ny test except that a different buffer was used 

for preparing the agar gel. Six standard microscope slides 

were p1aced on a rectangu1ar slide frame, three on each side. 

It was important to place the slides c10se1y together so as to 

have a clearance of about 2 cm between the ends of the outer 

slides and the frame (figure 27). The frame was then p1aced 
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Figure 27 

THIS DIAGRAM SHOWS SUCCESSIVE STEPS FOR THE 
IMMUNOELECTROPHORESISRUN 

(1) Slide frame with six microscope slides in place 

(2) Application of agar solution 

(3) Punch of a pattern consisting of two troughs 

and a weIl in the gel 

(4) Application of rabbit antiserum 

(5) Electrophoresis run 

(6) Removing agar bits from trough with a gel knife 
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on a levelling table, which was adjusted to horizontal. A 

film of hot agar solution in water was applied to the glass 

slides and then air-dried for at ,least 15 minutes. This film 

sealed the joints between adjacent slides and ensured adhesion 

of the agar gel layer to the glass slides; the latter was 

formed by pouring 10 ml of warm agar solution in veronal 

buffer* (pH 8.6, ionic strength 0.025) 'uniformly over the 

microscope slides; The entire frame section, including the 

part outside the m.icroscope slides near the edge, was thus 

covered with agar. The standard pattern consisting of a hole 

(2 mm in diameter) at the centre of the slide and of two 

longitudinal troughs on both sides of and 10 mm from the hole 

was cut with a gel punch. The agar in the central hole was 

carefUlly removed by aspiration with a suction needle, while 

the agar in the troughs was left in,place until after electro-

phoresis~ In most experiments, 5~1 of the rabbit antiserum 

was applied to the hole. The frame was placed in a casette 

and was used as a bridge between the electrode vessels 

containing veronal buffer (pH 8.6, ionic strength 0.1). The 

electrode consisted of an anode made of a platinum wire and a 

loop of stainless steel for the cathode. The potential 

applied during electrophoresis, which lasted usually 50 minutes, 

"\oThe buffer consisted of 3.68 g of d1ethyl barb1 turic acid, 
20.62 g of sodium barbiturate and 8.2 g of sodium acetate 

dissolved in 8 liters of distilled water. 



- 121 -

was 250 V and the current was 8 mA. The frame was taken out 

from the casette; the agar in the troughs was removed with 

the knife provided with the LKB set, and the tWb troughs were 

* filled with a goat antiserum to rabbit serum proteins and 

with a solution of insulin, respectively. The slide was then 

put into a humid chamber at room temperature overnight for the 

development of the precipitin bands. 

Results 

l~ Ring test 

The majority of rabbits produced precipitating 

antibodies to insulin approximately five weeks after the first 

injection of antigens~· Since the solution used for 

immunization contained IN-TDIC-BSA conjugate, IN-TDIC and BSA, 

as would be expected, ring tests were obtained with each of the 

components, i.e.with insulin, BSA, IN-TDIC and IN-NBSNa but not 

with glucagon, which had been present in the insulin preparation 

as a contaminant (table VIII). Eight of the 13 antisera had a 

sUfficiently high antibody content to give well-defined pre-

cipitin rings; two antisera gave ambiguous reactions and one 

antiserum had no detectable antibodies (table IX, p.129). Only 

two of the 13 rabbi ts, which had been immunized, died"· \before 

the end of the immunization programme. It appears, therefore, 

* The author is indebted to Mr. Fred Kisil for the preparation 

of this goat antiserum to rabbit serum proteins. 
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Table VIII 

RING TESTS OBTAINED WITH ANTISERUM 
FROM No. 2 RABBIT 

Test antigen 

BSA 

IN-TDIC 

IN 

IN-NBSNa 

* G1ucagon 

Reaction 

+++ 

++ 

+ 

+ 

*Crysta11ine glucagon was purchased 

from Connaught Medical Research 

Laboratory, Toronto, Ontario. 
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that repeated intravenous injections of adequate amounts of 

IN-TDIC-BSA conjugates over a sufficiently long period of time 

consistently elicited antibodies to insulin in rabbits. 

2~' Micro-Ouchterlony test 

As can be seen from figure 28, precipitin bands were 

formed between rabbit antiserum and the conjugate, insulin, 

IN-TDIC and BSA..- Moreover, a reaction of partial identity 

was observed between IN-TDIC and IN (figure 29A). Pre­

incubation of the antiserum with IN-TDIC.resulted in the 

inhibition of the precipitin bands formed with both IN-TDIC 

and IN, whereas absorption of the antiserum with IN solution 

caused the disappearance only of the arc with IN (figure 29B). 

The presence of antibodies specifie to IN, but not to glucagon, 

is illustrated in figure 29C; this demonstrates that glucagon 

was neither immunogenic nor did it inhibit the reaction with 

IN. Furthermore, a band of identity was obtained between the 

antiserum and IN and IN-NBSNa (figure 30); this band was 

completely inhibited when the antiserum was pre-incubated with 

either of these antigens in excess. 

3. Precipitin reaction 

The absolute amounts of.antibodies to insulin present 

in the different antisera were determined by the quantitative 

precipitin reaction. A typical precipitin curve is shown in 

figure 31. The antibody content of this serum was calculated 
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Figure 28 

PRECIPITIN BANDS IN AGAR-GEL OBTAINED WITH RABBIT 
ANTISERUM (No. 6) TO IN-TDIC-BSA CONJUGATES 

Central weIl - Antiserum (No. 6) 

Wells No. 1,5 - BSA (O.5 mg/ml solution) 

IN (l~O mg/ml solution) 

~,4,6,8 - immunizing antigens 
(IN-TDIC-BSA, IN-TDIC and BSA) 

(1.0 mg/ml solution) 
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Figure 29 

INHIBITION OF PRECIPITIN BANDS IN AGAR-GEL DIFFUSION 

(A) WeIl No. 1,3 - antiserum 

2 IN (1 mg/ml solution) 

4 IN-TDIC (25~/ml solution) 

(B) l'lell No. l antiserum pre-incubated with 
insulin (0.5 ml of antiserum 
+ 0.5 ml of 0.2% solution) 

2 IN (1 mg/ml solution) 

3 antiserum pre-incubated with 
IN-TDIC (0.5 ml of antiserum 
+ 0.5 ml of 0.1% IN-TDIC 
solution) 

4 IN-TDIC (25 fg/ml solution) 

(C) WeIl No. l antiserum 

2 ' IN (1 mg/ml solution) 

3 antiserum pre-incubated with 
glucagon (0.5 ml of antiserum 
+ 0.5 ml of 0.1% glucagon 
solution) 

4 glucagon (1 mg/ml solution) 

, " 
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Figure 30 

PRECIPITIN BANDS BETWEEN RABBIT ANTISERUM TO 
IN-TDIC-BSA CONJUGATES AND IN AND IN-NBSNa 

WeIl No. l IN (1 mg/ml solution) 

2 - normal rabbit serum 

3 IN-NBSNa (1 mg/ml solution) 

4 - antiserum (No. 6) 
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Figure 31 

PRECIPITIN CURVE FOR INSULIN ANTIBODIES 

(antiserum No. 10) 
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from the difference between the amounts of Ag-Ab complexes 

precipitated per ml of antiserum in the optimum zone and the 

amount of antigen added. For different antisera which gave 

positive ring tests, the antibody content varied from 200~g 

to 1 mg per ml (table IX). It can be seen from the precipitin 

curves with IN and with IN-NBSNa that practically the same 

amounts of antibodies were precipitated at the optimum zone by 

these two different compounds and that the curve obtained with 

IN-NBSNa was almost identical to that obtained with IN as 

antigen (figure 32). The specificity of the precipitin 

reaction was also demonstrated by the lack of any precipitation 

with these two antigens when a normal rabbit serum was 

incubated with the antigen. 

4. Titration of anti-insulin antibodies 
in rabbit sera qy hemagglutination 

Hemagglutination was obtained at serum dilutions up 

to 2048 (table X). The specificity of hemagglutination 

reaction was demonstrated by inhibition of hemagglutination 

with free insuline In these experiments, 10 ~g of insulin was 

added to each dilution of the antiserum prior to the addition 

of the sensitized erythrocytes. In the case of one serum with 

an initial hemagglutination titer of 256, complete inhibition 

of hemagglutination was achieved. However, in the case of the 

other ten, the hemagglutination titers were considerably 

diminished to values of the order of 2 - 32. In view of the 
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Table IX 

COl\1PARISON OF THE INTENSITY OF RING TESTS WITH THE 
ANTIBODY CONTENTS DETERMINED BY THE PRECIPITIN REACTION 

Antigen used - insu1in 

Antiserum Ring test p-g/m1 

1 + 210 

2 + 310 

3 ++ 380 

4 + ? -
5 +++ 530 

6 ++ 480 

7 ++ 370 

8 +++ 980 

9 + ? -
10 + 280 

Il 
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Figure )2 

PRECIPITIN CURVES FOR INSULIN ANTIBODIES 
OBTAINED WITH IN AND IN-NBSNa 

(antiserum No. 6) 
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Table X 

DEMONSTRATION OF ANTIBODIES TO INSULIN BY THE 

INHIBITION OF HEMAGGLUTINATION WITH INSULIN 

Antiserum 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Il 

Hemagglutination 
titer prior to 

inhibition 

256 

512 

2048 

128 

2048 

512 

1024 

2048 

64 

512 

64 

Titer after 
inhibition with 
10 p.g insulin 

complete 
inhibition 

2 

4 

2 

4 

2 

8 

32 

4 

2 

2 
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significant decrease of the hemagglutination t1ter in the 

presence of 10 ~g of insulin w1th aIl sera, this phenomenon 

was considered to reflec:t the specific1 ty of the inhi bi tion 

reaction for antibody directed against insuline Higher 

concentrations of insulin were not used in th1s inhibition 

test, since in inhibition experiments w1th the separated 

insulin chains comparable concentrations had to be used 

because of solubility considerations and the limited amount 

of materials available. (See chapter V.) 

A comparison of the hemagglutinat10n titers with the 

antibody contents, determined by the precipitin test (tables 

IX and X), revealed a very good agreement between the results 

of the two tests. Thus, the hemagglutination titer appears to 

be a reflection of the relative amount of the antibody in the 

antiserum specifie to insuline However, the hemagglutination 

titers determined are relatively low when compared with values 

obtained with other precipitating antibodies. Previously, 

Gyenes and Sehon (79), using BDB and TDIC as coupling agents 

in the passive hemagglutination reaction, observed that the 

hemagglutination titers of the anti-BSA sera were practically 

identical with the two techniques, whereas the TDIC­

hemagglutination titers for six out of seven rabbit anti-WSR 

sera were considerably lower than the corresponding BDB-titers. 

It was suggested by these authors that, for the WSR-anti-WSR 

system, distinct antibodies were produced against determinants 

containing free amino groups and that on coupling of the 
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antigen to erythrocytes with TDIC some of these groups were 

blocked; consequently, the sensitivity of the hemagglutination 

reaction for this antigen was reduced when TDIC was used for 

coupling it to erythrocytes. Bythe same token, in the 

present study, the observed Iow hemagglutination titers with 

BDB as a coupling agent might be attributed to the fact that 

the determinant groups of insulin contain tyrosyl or histidyl 

residues, or are situated in the vicinity of these groups. 

This conclusion is further supported by the finding of Izzo 

et al. (191) that indorporation of more than six iodine atoms 

per molecule of insulin (M.W. 6,000) Iowered the capacity of 

iodoinsulin to bind with specifie antibodies to insuline 

5. Immunoelectrophoresis 

A distinct precipitin line was obtained with antisera 

containing high amounts of antibodies (i.e. 400 pg/ml). The 

line had a typical single arc in the gamma-globulin region 

(figure 33). 

Discussion 

As already noted in Chapter II, the properties of 

antibodies to insulin are governed by many factors, such as the 

species from wh1ch the insulin is derived and the recipient. 

Thus, the majority of diabetic patients treated with insulin 

have been found to produce 'non-precipitating' antibodies to 
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Figure 33 

IMMUNOELECTROPHORETIC ANALYSIS OF THE RABBIT 

ANTISERUM (No. 6) DEVELOPED WITH INSULIN 0.025 mg/ml 

Upper trough - goat antiserum to rabbit serum 
proteins 

Lower trough - insulin (0.025 mg/ml solution) 

Central weIl - rabbit antiserum to IN-TDIC-BSA 
conjugates (No. 6) 
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insu1in, i.e. antibodies which did not 1ead to the formation of 

a precipitate when reacted with the homo1ogous antigen (129, 

138,192). Simi1ar1Y,in the ear1ier studies, attempts to 

produce precipitating antibodies to insu1in by immunization of 

various animaIs were a1so not successfu1 (133,135,193). 

Mo1oney and Apri1e (139) were the first to obtain precipitating 

antibodies to insu1in in a horse immunized with crysta11ine ox 

insu1in with Freund's adjuvant. More recent1y, severa1 

investigators have reported the production of precipitating 

antibodies in 1aboratory animaIs, when immunization was carried 

out in the presence of adjuvants (140-144). 

In the present study, rabbits were immunized with 

insu1in-BSA conjugate, an artificia1 antigen. Resu1ts of the 

ring tests and micro-Ouchter1ony agar-gel experiments 

demonstrated readily the appearance of the precipitating anti-

bodies against insulin itself. Furthermore, with these 

antisera a single line of precipitation was obtained at aIl 

times by double diffusion in agar against insuline 

The specificity of antibodies for insulin produced in 

this study was clearly demonstrated by inhibition experiments. 

Thus, in agar-gel diffusion experiments, pre-incubation of the 

antisera with IN-TDIC inhibtted the formation of the mTCS with 

IN-TDIC as weIl as with insulin, whereas absorption of antisera 

with insulin only inhibited the arc with insulin but not with 

IN-TDIC. These results wou1d suggest that injection of 

IN-TDIC-BSA conjugate into rabbits elicited the formation of 
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antibodies against the determinants of the insulin as weIl as 

against the haptenic TDIC group. A similar pattern of . 

inhibition was observed in the hemagglutination reaction; 

pre-incubation of the antisera with 10pg of insUlin diminished 

the hemagglutinating titer dramatically. However, glucagon 

dld not give a precipitate with anti-insulin antibodies, 

neither did it inhibit the reaction between these antibodies 

and insuline These findings thus eliminate the possibility 

that the. antisera contained antibodies specifie to glucagon 

which is the most likely contaminant present in the insulin 

sample. 

Although it had been possible to produce precipitating 

antibodies to bovine insulin in the guinea pig (140-144), this 

was achieved with difficulty in other animaIs such as the 

rabbit, and then primarily with the help of adjuvants. Thus, 

although Lowell and Franklin (194) used insulin emulsified with 

complete Freund's adjuvant and Arquilla and Stavitsky (133) 

immunized rabbits with alum-precipitated crystalline insulin, 

these investigators were not able to induce the product:iion of 

precipitating antibodies. On the other hand, Steigerwald and 

associates (195), using aluminum hydroxide with insulin (as 

mu ch as 1.5 g of insulin), obtained appreciable amounts of 

precipitating antibodies. Similarly, Hirata and Blumenthal 

(141-142), using complete adjuvant containing paraffin oil, 

mannide monodate and M. butyricum and only 19 mg of insUlin, 

obtained precipitating antibodies in four out of six rabbits, 
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as demonstrated by paper electrophoresis with insulin_I13l • 

However, in this study, the antibody content of only one pool 

of rabbit antiserum was determined by standard precipitin 

reaction and amounted to 400 ~g/ml. 

In the present investigation immunization of rabbits 

by intravenous injections with insulin, which had been coupled 

to ESA, i.e. with IN-TDIC-BSA, elicited readily and consistently 

the formation of appreciable amounts of precipitating anti­

bodies to insulin without causing increased mortality among the 

immunized animaIs. Thus, it appears that the attachment of 

insulin to BSA enhanced the immunogenicity of the former. 

Insulin, by itself, is weakly antigeniG, the 

induction of antibodies against it requiring large amounts of 

antigen, in the absence of adjuvants, which must be 

administered over a long period of time (129). There is no 

clear cut evidence explaining the cause for the weak anti-

genicity of insuline The small size of the insulin molecule 

is probably one facttor responsi ble for i ts weak antigenic 

properties. Consistent with this is the ease with which 

Steigerwald and Spielmann (196) were able to induce insulin 

antibodies in rabbits by immunization with a mixture of 

insulin-resistant serum and insuline It is likely that, in 

this instance, the insulin molecule was combined with the 

larger antibody molecule, and that the immunogenic form was 

the corresponding antibody-antigen complexe Further support 

for this suggestion cornes from the result of the present 
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investigation. The coupling .. ~of insulin covalently to a 

carrier protein - BSA did increase the immunogenicity of 

insulin. Previously, i t 't'las suggested that a signtficant 

fraction of plasma insulin is bound to a normal plaE.lma 

protein (197) ,or exists in the form of a high molecular weight 
. 

compound (198). Thus, the possibility that insulin, upon 

intravenous injection, becomes associated into complexes with 

proteins in tissue fluids and plasma cannot be ruled out. On 

the other hand, Berson and Yalow (199) demonstrated that on 

addition of I 131_labelled insulin to plasma or to buffer 

solutions containing only serum albumin, 60 - 80 per cent of 

the insulin was not bound. However, it 1s conceivable that 

under abnormal metabolic circumstances insulin might become 

coupled to serum or tissue proteins under the action of an 

enzyme. In fact, Ensinck et al. (200) demonstrated that 

reduced I 131_labelled B'chàin, derived enzymically from 1131_ 

labelled insulin, was bound to albumin. Therefore, it would 

seem that the antigenicity of insulin might depend upon its 

combination with body proteins, which would imply that insulin 

does not act as a true antigen, but as a hapten. 

Another important factor responsible for the weak 

antigenicity of insulin might be attributed to its close 

resemblance with the host's insulin. It is noted that beef 

insulin differs from rabbit insulin only in the C-terminal 

amino acid (B30) of B chain and the amino acids in positions 

8 and 10 of A chain (table II). Unfortunately the three 
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dimensional conformation of different insulin molecules is 

not known. If the antigenic properties of the protein 

molecule are determined by the primary structure, only these 

three amine acids should represent sites of antigenicity. 

The small difference between the beef insulin and the insulin 

of the host renders it difficult for the antibody forming cells 

to recognize the beef insulin as 'non-self'. In this 

connection, it might be menuioned that in earlier studies in 

this laboratory, it had been demonstrated that low molecular 

weight metabolites, such as estrone (201), 5-0H indole acetic 

acid (202), and serdt'onin: (203), which are normal consti tuents 

of the animal body, did not induce the formation of specifie 

anti bodies in the host; hm<Jever, upon coupling them to 

appropriate carrier proteins, they became ·immunogenic. By~ 

anal ogy, in the present study, it was anticipated that beef 

insulin, after being covalently coupled to BSA, would become 

immunogenic. The result presented substantiates this original 

expectation. 

Reaction of aIl three amino groups in the insulin 

molecule with FNBSNa did not block the antigenic determinants 

of the molecule as demonstrated by micro-Ouchterlony and 

precipitin tests. These results would suggest that the 

N-terminal amine group of both A and. B chains, as weIl as of 

the B29 lysyl residue, may not contribute markedly to the 

structure of the determinant groups of insuline 
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CHAPTER 5 

ELECTROLYTIC REDUCTION' OF INSULIN 

Introduction 

Antigen-antibody reactions are exquisitely specifie, 

inasmuch as antibodies will react only with the antigen used 

for immunization or with molecules possessing groups which are 

sterically closely related to the determinant groups of the 

original antigen (15). As already discussed in Chapter l, 

the forces participating in the reaction between an antibod.y 

and an antigenic group are short-range forces and could not be 

responsible for the specificity of the reaction unless these 

interactions are accompanied by the complementary juxtaposition 

of the surfaces of the determinantgroup of the antigen and of 

the corresponding combining site of the antibody. 

The importance of the three-dimensional conformation 

of the determinant group was demonstrated in the classical 

studies of Landsteiner (15) and Pressman and his colleagues 

(204) • Thus, it was shown that a slight modification in the 

structure of the hapten resulted in complete loss of binding. 

By analogy, it would also be expected that deformation of the 

structure of a prote in antigen would lead to loss of antigenic 

properties of the molecule. Among the interchain interactions 

which are known to stabilize prote in conformations, disulphid.e 
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linkages are undoubtedly the most stable. and important. 

Therefore, in the present study the role of disulphide bonds 

in maintaining the structure of the insulin molecule 

responsible for its antigenicity was considered. 

Various methods have been employed for the Dupture 

of the disulphide bonds in insuline Oxidation with peracids 

requires the presence of 98% formic acid and was shown to lead 

to partial oxidation of insulin (205). Chemical reducing 

agents, in the absence of,denaturing agents, cleave only the 

intrachain disulphide bond of the A chain and render the 

molecule insoluble (206); reduction in the presence of high 

concentrations of urea, however, results in complet~ cleavage. 

Cecil and Wake (207) have shown that sodium sulphite cleaves 

the interchain bonds, but cleavage of the intrachain bond was 

accomplished only in the presence of high concentration of 

guanidine-HCl and HgC1
2 

or of phenylmercuric hydroxide (208). 

Reduction with mercurial has the disadvantage that it leads to 

an asymmetrical fission, the products being -SS03 and -SHgR 

groups. An alternative procedure is oxidative sulfitolysis 

(209-212), which leads to symmetrical fission with only -SS03 

groups as products, but unless denaturing agents are present 

alkaline solutions are used. Consequently, it was deemed 

desirable to seek for another reduction method in which aIl 

three disulphide bonds of insulin could be reduced under the 

same experimental condition. In the present study the 

electrolytic redu.ction method under controlled potential was 
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chosen for sorne of its immediately apparent advantages. 

With the exception of cystine, amino acids do not 

produce a reduction wave at the dropping mercury electrode 

unless a reducible group is present, e.g. iodine in thyroxine. 

Disulphides and aromaticthiocyanates are the only types of 

sulphur groupings which have been reported to be reducible at 

the dropping mercury electrode. Electrolytic reduction of 

disulphide bonds in proteins was first realized in 1930 when 

Heyrovsky and Babicka (213) discovered a polarographic effect 

of sulphur containing proteins, which consisted of a 

characteristic wave at a potential of -1.6 V on the current-

voltage curve of a solution of 0.1 N ammonia and 0.1 N ammonium 

chloride containing traces of proteins. The wave, however. 

was not due to the reduction of the protein present; rather, 

it was due to the evolution of hydrogen, which was catalysed by 

the presence of the protein at the cathode. In a subsequent 

study, Brdicka (214) revealed that the height of this catalytic 

wave was affected not only by pH, but also by the kind of 

buffer and the concentration of the buffer constituents. On 

the basis of these observations, Brdicka (214) suggested that 

thiscatalytic* wave was attributable to a direct reduction of 

the SH group: 

- SH + e ~ - S- + H 

{~ 

This is an example of acid-base catalysis in the Bronsted 
sense. 
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and that the S- ions formed would react with any acid, A, 

present to reform the sUlfhydryl group: 

- S- + A ~ - SR + B 

where B 1s the conjugate base of A. Thus, the overall 

reaœtion occurr1ng at the cathode would be the discharge of 

hydrogen from the acid A. A similar polarographic wave was 

also reported for the cystine-cysteine system. Rowever, this 

wave occurred at a potent1al more negative than the reduction 

potential of cystine to cysteine. Rence, it wou1d seem that 

the evo1ution of hydrogen was catalysed by the SR group rather 

than the S-S groupe Furthermore, for the cystine to produce 

a catalytic wave, the disu1phide bonds must have been electro-

reduced at the merc·ury cathode. In fact, Brdicka (215) 

observed that waves given by a solution of cystine were 

identica1 with those obtained with solutions of cyste1ne having 

twice the concentration of the cystine solution. Moreover, 

Mulli and Werner (216) reported that solutions containing trace 

amounts of insulin produced the sarne polarographic effect as 

those containing other su1phur-containing proteins. Thus, it 

wou1d appear that the electro1ytic reduction at the mercury 

cathode is specific for the disu1phide bond in proteine The 

advantages of the electro1ytic reduction under contro11ed 

potential are: (i) complete reduction is achieved in neu"tra1 

conditions and without the use of reducing or denaturing 

agents; (ii) the reduction is high1y specific; (1ii) since no 
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reducing agent is added, analysis for the forrned. sulphydryl 

groups can be carried out during the course of reduction; 

(iv) partial or total fj,ssion of the disulphide bonds can be 

accompli shed as desired. 

Materials and Method 

AlI chemicals, unless otherwise stated, were of 

analytical reagent grade and were purchased from Fisher 

Scientific Co., Montreal. Silver nitrate was a Fisher primary 

standard product; a solution of 2 x 10-3 M of AgN03 was made 

up and stored in the dark. Urea was a Fisher analytical 

reagent, which was further purified by re-crystallization from 
o 

the filtrate of a concentrated solution at 50 C. This 

purification, as weIl as the use of de-ionized water throughout 

the whole procedure, was found to be absolutely necessary. 

Unflavoured No. l gelatine, purchased from Knox Gelatine 

(Canada) Limited, Montreal, was used in aIl titrations. Triple 

distilled mercury was obtained from Mallinckrodt Chemical Works, 

Montreal. 

Apparatus and general technique 

The method used for the reduction of insulin was 

similar to that described by Lingane (217). Figure 34 shows a 

simple circuit for the manually controlled potential 

electrolysis. The total e.m.f. applied to the cell was 

regulated by a voltage divider (a variable 2 K resistor of 2 W) 
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Figure 34 

SCHEMATIC DIAGRAM OF THE CIRCUIT FOR THE MANUALLY 

CONTROLLED POTENTIAL ELECTROLYTIC REDUCTION 
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with direct current from a rectifier. A potential of 100 V 

was applied across this voltage divider, and the corresponding 

fraction applied to the ce Il was read with a multi-range 

voltmeter, while the m1croammeter (full range 10jLamps) 

indicated the total current passing through the electrolytic 

celle The potential of the cathode against the saturated 

calomel electrode was measured in the ordinary manner with a 

galvanometer in series with a 9.65 megohm resistance. Using 

this circuit, the applied voltage against the saturated calomel 

electrode was maintained at a constant value by frequent 

adjustments of the voltage divider during the course of the 

electrolysis. 

Galvanometer 

The galvanometer used to measure the cathode voltage 

was calibrated as follows. Various voltages were applied 

across the galvanometer in series with a resistance of 9.65 

megohms and the corresponding deflections measured in milli-

meters were recorded. The calibration curve obtained is shown 

in figure 35. Thus, the galvanometer had a sensitivity of 

0.003jlamp per mm deflection when it was adjusted to produce a 

full scale deflection with an applied e.m.f. of 2V. 

Saturated-Calomel Electrode (S.C.E.) 

In making calomel electrodes every care must be taken 

that the solid phase, i.e. the calomel, is in complete 
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Figure 35 

THE CALIBRATION CURVE OF THE GALVANOMETER 
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equilibrium with the potassium chloride solution. The 

solution must be saturated with calomel, and an electrode 

should not be used until it has acquired a steady and correct 

potential. Various forms of vessels are used for calomel 

electrodes; . however, the accuracy and efficiency of calomel 

electrodes are not influenced by the shape of the vessel. 

The calomel electrode convenient for this study is shown in 

figure 36 0 Into the closed end of a glass tubing (2 cm 

tnternal diameter) was sealed a platinum wire, which was 

covered by mercury. Above the mercury was a paste of calomel 

and mercury, and above this a layer of a saturated solution of 

potassium chloride, which was also saturated with calomel. 

The calomel-mercury paste was made by grinding calomel with 

mercury in a mortar using a small volume ( ~ 5 ml) of the 

potassium chloride solution; after washing several times with 

potassium chloride, the paste was thoroughly shaken with more 

KCl solution and then poured into the electrode vessel. The 

tube was closed with a rubber stopper. The bridge consisted 

of a small glass tubing (6 mm internaI diameter) benu at right 

angle and joined to the electrode. To minimize changes in the 

concentration of the solution in the electrode vessel when the 

side arm was dipped into the cathode compartment of the 

electrolysis cell, the end section of this side arm was filled 

with a 3% wgar gel in saturated potassium chloride. The 

saturated calomel electrode so prepared was allowed to stand at 

room temperature for a few days in order to attain equilibrium. 
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Figure 36 

DIAGRAM OF THE SATURATED CALOMEL ELECTRODE 
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No correction was made for changes in temperature. 

The saturated calomel reference electrode must be 

placed as closely as possible to the outside surface of the 

cathode. The observed cathode potential is related to the 

true potential by the equation 

E = E - iR observed true 

where iR is the ohmic potential drop in the solution between 

the cathode surface and the tip of the salt bridge from the 

reference electrode. By placing the tip of the salt bridge 

very close to the cathode, and on the outside of it, iH is kept 

negligibly small. 

Removal of dissolved air 

Since oxygen is easily reduced at the mercury 

electrode, it is usually necessary to rem ove dissolved air from 

the solution to prevent any change of pH of the medium. Most 

commonly, air is removed by bubbling nitrogen through the 

solution. The commercial nitrogen from high pressure 

cylinders contains traces of oxygen, which can be removed by 

passing the gas through two wash bottles containing a solution 

of chromous chloride in l N Hel, as shown in figure 37. The 

small amount of acid which was carried over with the nitrogen 

was removed by passing through two wash bottles containing 

distilled water. To prevent blockage of the delivery tube by 
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Figure 37 

NITROGEN PURIFICATION TRAIN 
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zinc amalgam, it was fitted with a coarse sintered glass funnel 

in an upward position. 

The solution of chromous chloride in l N HCl was 

prepared according to the method of Kolthoff and Sandell(218). 

Thus, to 600 ml of 2% mercuric nitrate solution and 2 to 4 ml 

of concentrated nitric acid was added 600 g of pure 20 to 30 

mesh zinc in a wash bottle. The mixture was stirred 

thoroughly for five to ten minutes; the supernatant was 

decanted from the zinc and was then further washed with the 

same mercury nitrate solution, two or three times by 

decantation. The amalgamated zinc should have a bright 

silvery lustre. Enough solution of 0.1 M chromic sulphate in 

l N HCl was addedto the amalgamated zinc to fill two-thirds of 

the wash bottle, which was then stoppered and connected to the 

purification train. 

Procedure for electrolytic reduction 

The cell for electrolytic reduction (figure 38) ·was 

similar to that described by Dohan and \oloodward (219). The 

cathode vessel was a 200 ml-beaker containing approximately 

ZO° ml of triply-distilled mercury and the area of the mercury 
2 pool cathode was about 20 cm • The mercury-solution interface 

was kept in rapid agitation by a magnetic stirring bar. The 

mercury pool was negatively chaTged by a platinum electrode 

sealed into a mercury-filled glass tube, and care was taken 

that the platinum wire was covered with mercury in the cathode 
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Figure 38 

THE CELL FOR CONTROLLED POTENTIAL ELECTROLYTIC 

REDUCTION WITH MERCURY CATHODE 
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compartment. which was stoppered with a cork. The tip of the 

salt bridge from the S.C.E. was placed within about 1 mm from 

the Mercury cathode when the Mercury was at rest, so that the 

ohmic drop. included in the observed cathode potential, would 

be negligible. The Most satisfacttory results were obtained 

when the tip of the salt bridge was positioned just at the 

mercury-solution interface when the stirrer was in motion. 

The potential of the Mercury cathode was measured continuously 

aga,inst the S.C.E.'d.uring electrolysis and. controlledby 

changing the total e.m.f. applied to the celle 

Into this cathode compartment was pipetted 140 ml of 

phosphate buffer. pH 7.2~ ionic strength 0.02. Purified 

nitrogen was bubbled through the phosphate buffer for 15 

minutes and flushed over the surface of the buffer solution 

throughout the reduction process. At the same time. 150 mg 

of insulin was dissolved in 10 ml of de-oxygenated 0.04 N 

NaOH with the nitrogen gas flushing over the surface of the 

solution and was then added to the buffer solution in the 

cathode compartment. The anode compartment consisted of a 

200 ml-beaker containing phosphate buffer and a Pt wire as an 

electrode. The anode compartment was connected to the 

cathode compartment by a bridge fi lIed with 1% agar in 

saturated KCl. After the rectifier was switched on. the 

voltage applied across the cell was increased graduallY to the 

desired cathode voltage and adjusted manually from time to 

time. The extent of the reduction was followed by 



- 155 -

amperometric titration with sil ver nitrate. The reduced 

insulin was alkylated with 20% excess of iodoacetic acid at 

room temperature for one hour. The solution was then 
o 

dialysed exhaustively against distilled water at 4 C and 

freeze-dried. 

Amperometric titration of SR and S-S 
groups with silver nitrate 

In amperometric titrations, the current passing 

th~ough the titration cell between an indicator electrode and 

an appropriate depolarized reference electrode, at a suitable 

applied e.m.f., is measured as a function of the volume of a 

suitable titrating solution. Generally, the end-point of an 

amperometric titration is obtained by back extrapolation on a 

plot of current increments against the v.olume of the titrating 

reagent added. The performance of an amperometric titration 

becomes particularly simple when the potential difference 

between the indicator and reference electrodes is sufficient 

to discharge the titrating ion so that no e.m.f. needs to be 

applied to the celle The rotating electrode is placed in the 

solution to be titrated; electrolytic contact is made with 

the reference electrode, and the current which flows through 

the cell during the titration is read on a microammeter. The 

diffusion current of the substance titrated is measured at the 

potential of the rotating electrode. 

The method used in the present study to follow the 
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extent of the electrolytic reduction of insulin was of the 

latter type as described by Benesh et al. (220). In this 

method, which is both sensitive and specific, protein SH 

groups aretitrated with silver ions in the form of a complex 

with tris(hydroxymethyl)-aminomethane (Tris) (221), in 

neutral, buffered solutions. The reference electrode was 

the Hg-HgO-saturated Ba(OH)2 electrode of·Samuelson and Brown 

(222), which had a potential of -0.01 V versus the saturated 

calomel electrode. The reference electrode was made by 

plàcing a layer of mercury at the bottom of the flask 

described by Kolthoff and Harris (223); this was then covered 

with a slurry of red mercuric oxide and solid barium hydroxide, 

and the flask was then filled with water saturated with the 

two reagents. The electrode thus prepared was stable for 

several months when protected from light with a black cover. 

The reference electrode was connec·ted to the rotating platinum 

electrode by a bridge which consisted of a coarse sintered 

glass funnel filled with a 3% agar gel in saturated potassium: 

chloride as shown in figure 39. This funnel was attached to 

a 60 cm long piece of Tygon tubing which led to a No. 2 three­

way stopcock, which, in turn, was connected to the reference 

electrode solution as far as the three-way stopcock and with 

saturated KCl from the stopcock to the funnel. It is 

important that no air bubble should be trapped in the stopcock. 

The arrangement permitted daily flushing of the saturated KCl 

part of the bridge. The platinum electrode was made 
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Figure 39 

APPARATUS FOR AMPEROMETRIC TITRATION 

A - reference electrode 

B - tygon tubing 

C - three-way stopcock" 

D - saturated KCl bridge ending with 
sintered glass fUnnel filled with 3% 
agar in saturated potassium chloride 

E - rotating platinum electrode 

F - electrode motor 

M - microammeter (full range 25 microamps) 

S - magnetic stirrer 
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according ·to the procedure of Kolthoff and Harris (223). 

It consisted of a soft glass tubing with a platinum wire 

sealed at the end; the glass tubing was then filled with 

mercury. The platinum electrode thus prepared was fitted 

into the hollow shaft of a pulley, which was driven by a 

rotator. Electrical contact was maintained by another 
1 

platinum wire dipping into the mercury weIl at the top of the 

electrode. The current was observed on a microammeter (full 

range 25 p.amps) • If the electrode became sluggish, it was 

dipped into concentrated RN0
3 

for thorough cleaning. 

Titrations of SH groups were carried out in 100 ml 

beakers containing a total of 30 ml of solution. The 

titration mixture, the final pH of which was 7.4 at room 

temperature, was prepared by mixing 4.0 ml of 1.0 M Tris, 3~4 

ml of 1.0 M HN0
3

, 0.3 ml of 1.0 M KCl, 1.0 ml of 1.8 x 10-3 M 

ethylenediaminetetraacetate (EDTA), 0.1 ml of 3% gelatine, and 

14.4 g of re-crystallized urea. After addition of glutathione 

or reduced insulin, the solution was made up to 30 ml and 

titrated against AgN0
3 

(2 x 10-3 M). To check the precision 

of this apparatus, ten samples of glutathione (GSH) of known 

concentrations (ranging from 1 p-mole to 10 flmoles) were 

titrated a gainstAgN0
3

; the maximum error was found to be 3%. 

No difference was observed when these ti trations "t'lere 

performed in the absence of 8 M urea. For the titration of 

the reduced insulin, 5 ml of the cathode solution was pipetted 

into the titration mixture and the solution was titrated 
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immediately. 

figure 40. 

The typical titration obtained is shown in 

For the determination of S-S bonds in insulin, the 

method of Carter was employed (224). The titration mixture 

was prepared by mixing 0.5 ml of the insulin solution in 

0.04 N NaOH, 1.0 ml of EDTA in a concentration of 1.8 x 10-3 M, 

14.4 g of re-crystallized urea, and 0.1 ml of saturated Na
2
so

3 o 
at 27 C. The resulting mixture was diluted to 30 ml with 

de-ionized 't'Tater and 't'ras incubated at 27°C for thirty minutes. 

It was th en titrated against AgN0
3 

of 2 x 10-3 M. The 

titration curves of the cystine residues of insulin and 

insulin fragments~BJr.epresented in figure 41. 

Amino acid analysis 

Method 

(A) Introduction 

AlI amino acid analyses were carried out in the 

Beclœan Amino Acid Analyser (Model 120B), shown in figure 42. 

The equipment includes storage facilities for aIl reagents 

used during the analytical l'un, complete apparatus for the 

automatic separation and for the quantitative analysis, a 

multipoint recorder, the ptimping system, and controls for 

selecting and establishing the operating and timing parameters 

for a complete variety of different analyses. The separation 

of the amino acids in a sample is effected by chromatography 
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Figure 40 

AMPEROMETRIC TITRATION OF GLUTATHIONE 

AND REDUCED INSULIN 
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Figure 41 

AMPEROMETRIC TITRATION OF S-S BONDS IN 

INSULIN AND INSULIN FRAGMENTS 
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Figure 42 

BECKMAN AUTOMATIC AMINO ACID ANALYSER 

(Mode1 120B) 
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on a column of the sodium salt of a polysulphonic acid resin, 

the cation exchanger. \!J'hen an amino acid is placed on top of 

the column, ion exchange takes place betilleen the Na ion of the 

resin and the positively charged amino group of the amino 

acid. This is a reversible reaction and equilibrium takes 

place. Under a given set of conditions (such as chemical 

composition, resin particle size and resin pore size, diameter 

and length of the packed column, pH and ionic strength and 

rate of flow of the eluting buffer, and the temperature), the 

amount of a given quantity of an amino acid, which is bound to 

the ion-exchange resin relative to that remaining in solution 

at equilibrium, is usually expressed as a distribution 

coefficient, K. The magnitude of this coefficient depends on 

the structure of the individual amino acid. If the capacity 

of the resin is not exceeded under an appropriate and 

reproducible set of conditions, the amino acids in a sample 

are separated from each other by the time they emerge from the 

column, each amino acid emerging in a specified displacement 

(elution) volume. 

TillO columns (a long column and a short colUIJi.n) are 

used for prote in analysis. For complete prote in analysis to 

be carried out in five hours in the Model 120B, buffers are 

forced through the column by positive displacement pumps 

working at several atmospheric pressures. For the analysis 

of a prote in hydrolysate, two buffers are used with automatic 

change-over from the first at pH 3.28 to the second at pH 4.25, 
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at 90 minutes, after the long column has been started for the 

analysis of the neutral and acidic amine acids. A third 

buffer of pH 5.28 and higher ionic strength is used with a 

second column for the analysis of the basic components in the 

sample. 

After separation, each amino acid in the effluent is 

made to mix with ninhydrin and the mixture then flows through 

the reaction bath system, maintained at the boiling point of 

water in order ta assure constant environmental factors. 

With an do-amino aCid., ninhydrin participates in a deaminative 

oxidative decarboxYlation and then condenses further to give a 

blue compound; the colour formed from the reaction with the 

imino acids proline and hydroxyproline is yellow (figure 43). 

By using a colorimeter in conjunction with a photovoltaic cell, 

the colour developed is proportionally converted into electric 

current. This electric current is then used to drive a 

conventional multipoint record.er which plots the results of 

the analysis as absorbance versus time. To account for two 

different colours which may develop, two separate colorimeter 

readings are recorded simultaneously in different colours on 

the chart. One; photometer unit of the colorimeter measures 

absorbance of the imino acids proline and hydroxyproline at a 

wave-length of 440 m~ and the second photometer unit measures 

at 570 m~ for the rest of the amine acids. Amino acids are 

then identified by the order and position of the corresponding 

peaks on the chart, and the concentration of each amine acid 
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Figure 43 

NINHYDRIN REACTION WITH oc -AMINO ACID 
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is determined by measuring the area under its peak. 

(B) Buffers 

AlI buffers were prepared in de-ionized water 

according to the recipes recommended by Beckman Instruments, 

Inc. (table XI) with analytical grade reagents purchased from 

the companies specified by Beckman. These sodium citrate 

buffers were used as eluents. Prior to use, portions of the 

appropriate buffers were filtered and then placed in the 

reservoirs of the Model 120B Analyser. With the use of 

octanoic acid as preservative, buffers could be made on a 

large scale and stored at room temperature rather than at 4°C. 

The high concentration of thiodiglycol in the pH 2.2 buffer 

and the filling buffer helps :tl!) minimize the conversion of 

small amounts of Methionine to the Methionine sulphoxides 

during the addition of the sample to the column. For uniform 

drop size polyoxyethylene lauryl alcohol (BRIJ-35) was added 

to the buffers. The BRIJ-35 solution was prepared by 

dissolving 50 g of the solid detergent in 100 ml of hot water. 

(c) Preparation of the buffered solution 
of ninhydrin reagent 

The 4 N sodium acetate buffer was prepared by 

dissolving 1,008 g of NaOAc.3H20 in one liter of de-ionized 

water in a 2-1iter volumetrie flask by stirring overnight. 

Then 200 ml of glacial acidid acid was added and the flask was 
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pH 

Sodium concentration 

Sodium citrate.2H2O 

Concentrated HCl 

Thiodiglycol (TG) 

BRIJ-35 solution 

Octanoic acid 

Final volume 

2.2 ± 0.03 
sample 

dilutor· 

0.20 N 

19.6 g 

16.5 ml 

20 ml 

2 ml 

0.1 ml 

1 liter 

Table XI 

SODIUM CITRATE BUFFERS 

3.28 ± 0.01 
long 

column 

0.20 N 

784.3 g 

493 ml 

200 ml 

80 ml 

4 ml 

40 liters 

4.25 ± 0.02 
long 

column 

0.20 N 

784.3 g 

335 ml 

200 ml 

80 ml 

4 ml 

40 liters 

5.28 ± 0.02 
short 
column 

0.35 N 

1372.6 g 

260 ml 

80 ml 

4 ml 

40 liters 

~ 

3.28 ± 0.01 
filling 
buffer 

0.20 N 

19.6 g 

12.3 ml 

20 ml 

2 ml 

0.1 ml 

1 liter 

1-' 
0\ 
-..J 



) 

- 168 -

filled with water almost to the mark. The pH of the solution 

was expected to be at 5.5 ± 0.03. For final adjustment of the 

pH, pellets of NaOH were added (5 g of NaOH was added, which 
. . . 

corresponded to about 0~04 pH unit), .and the solution was made 

up to 2 1iters. 

Because peroxides quantitatively destroy the reducing 

power of stannous ch10ride, a sma11 amount of peroxides which 

might be present in methy1 cellosolve beèomes intolerab1e for 

this analysis. The presence of peroxides in methy1 cel10-

solve was checked by mixing 3 ml of this solvent with 3 ml of 

a 4% aqueous solution of potassium iodide. In the absence of 

peroxides, the resulting solution should be colour1ess. If 

there was a slight yel10w col our observed, the methyl 

cellosolve was discarded~ 

The buffered solution ofninhydrin reagent must be 

prepared in the absence of oxygene To this end, the whole 

preparation was carried out under nitrogen atmosphere. Then 

3 liters of filtered peroxide-free methy1 ce11oso1ve was added 

to one liter of fi1tered 4 N sodium acetate buffer. The 

resu1ting solution was stirred magnetical1y while N2 was made 

to bubb1e through for fifteen minutes. Eighty g of ninhydrin 

and 1.600 g of snC12 .2H20 were added; stirr~ng was continued 

until comp1ete1y dissolved. The solution of ninhydrin 
, 

reagent thus prepared was transferred to the reservoir, a 

4-li ter bott1e, 't'J'hich was painted black to e1iminate 

photochemica11y induced reactions. 



- 169 -

(D) Preparation of the sample for 
amine acid analysis 

Approximately 5 mg of protein was weighed in a 

standard 16 x 150 mm Pyrex test tube, which had been 

previously'cleaned with chromic acid and rinsed thoroughly 

with de-ionized water and dried. The sample was then 

dissolved in 0.5 ml of reagent grade concentrated HCl and 

diluted wi th 0~'5 ml of de-ionized water. To rem ove any 

dissolved air, the tube was sealed onto the manifold of a 

vacuum system provided with a'mechanical pump. The solution 

was then frozen by immersion in a Dewar flask containing a 

mixture of dry ice-alcohol and the tube evacuated to a 
ofr 

pressure less than 50 micron Hg~ This de-aeration procedure 

has proved essential for the accurate determination of carboxy 

methylcysteine and advantageous for determining serine, 

threonine, tyrosine and cystine. The sampl~ tube was then 

sealed under reduced pressure and placed in an oven regulated 

at 110 ± 20
C for 22 hours. Then the tube was chi lIed and 

opened. Removal of HCl was achieved by freeze-drying. To 

ensure that aIl HCl was completely removed, the residue was 

redissolved twice in one ml of distilled water and subjected 

again to freeze-drying. Finally, the residue was dissolved 

in 5 ml of pH 2.2 buffer ready for analysis. 

* The author is indebted to Mr. R. Patel for his help in this 
part o~ the work. 
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(E) Preparation of columns 

Two grades of sulphonated styrene-8% diviny1 benzene 

copo1ymer resins 't'lere used t'or the chromatographie analysis 

of protein hydrolysates. They differed with respect to the 

size of the particles and were used in two columns, a long one 

(65 cm) and a short one (25 cm). The resin used in-:,the long 

column for the separation of the neutra1 and acidic'amino 

acids contained particles ranging from 31 to 41 microns in 

size~ For the analysis of basic amino aCids, the short 

column fil1ed with resin particles ranging from 19 to 25 

microns was used~ 

Because of the grinding operation in the process of 

manufacture of the resin, many particles may be partial1y 

fractured, so that on subsequent hand1ing smal1 fines of 3 to 

10 microns in size may break off. These wou1d easi1y c10g 

the co1umn and were, therefore, removed by free sedimentation 

in the buffer subsequently to be used for elution, except that 

the BRIJ-35 and thiodiglycol were 1eft out. 

After removal of the fines, a glass co1umn of 

0.9 - 1.0 cm diameter was packed in' sections; the slurry of 

the resin was stirred rapid1y in a beaker with a glass rod and 

then poured into the column tube fitted with a sititered disc 

and stoppered at the bottom. The first portion 't'Jas a110wed 

to sett1e under gravit y for a few minutes and then under air 

pressure of 15 psi unti1 no further drop in height of the 



t\ 
J) 

- 171 -

surface of the resin occurred. The buffer in the tube was 

allowed to drain; when the level of the buffer had fallen 

almost to the surface of the resin, a second portion of slurry 

was added. Care was taken not to disturb the surface of the 

resin already in the column. The other portions were added 

similarly to bring the height of the resin to about 55 cm. 

To avoid disturbance of the resin surface during the 

application of the sample, it was covered with a sintered 

disc. Then the appropriate buffer was pumped through the 

column, which connected to the reaction bath system under a 

back pressure of about 170 - 180 psi. The flow rate was 

adjusted to 68 ml/hour. Before use, the column was washed 

with 0~'2 N NaOH and then equilibrated with the pH 3.28 buffer. 

The short column was prepared in a similar manner 

with a slurry of resin in 0.35 N bUffer, pH 5.28. When the 

buffer was passed through the column, the back pressure was 

20 - 30 psi~ 

(F) Operation of columns 

To save operational time, the analysis was first 

carried out in a short column'. The bUffer above the disc was 

removed and one ml of the sample solution was introduced into 

the column from a bent tip pipette; at the end of the 

delivery the tip was slightly touched against the wall of the 

column immediately,above the solution surfaee. The sample 

was forced into the column und.er an air pressure of 15 psi. 
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Application of air pressure was discontinued as soon' as the 

solution disappeared from the surface of the disc. At no 

time was the air bubble forced into the resin. Then it was 

washed in with three aliquots of 0.2 ml buffer, pH 2.2. The 

column was filled with the pH 5.28 buffer and was th en 

connected to the reaction bath system and the buffer was 

passed through the column. Under these conditions, aIl 

acidic and neutral amino acids were eluted as one peak. 

Prior to the elution of the basic amino acids, the base lines 

of the multipoint recorder were adjusted. The total 

operational time ~~s approximately 60 minutes. As no amine 

acids were irreversibly retained by the cblumn, regeneration 

could be easily achieved by passing the buffer through for an 

additional half-an-hour. Usually, good resolution was 

obtained. 

For analysis of the neutral and acidic amino acids, 

1 ml of the sample was applied to the long column with care 

and, after entering the column material, the surface of the 

column was gently washed with three 0.2 ml volumes of the 

buffer at pH 2.2. The automatic timer was set to 90 minutes 

for change of buffers from the first at pH 3.28 to the second 

at pH 4.25 and the column was ready for analysis. The 

protein hydrolysate containing a,mixture of amine acids was 

resolved into their acidic and neutral components while the 

basic amine acids were retained by the column. For 

regeneration, the long column was washed with 0.2 N Na OH and 
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was then re-equilibrated with the pH 3.28 buffer. 

(G) Estimation of amino acids 

As mentioned before, each amino acid has its own 

characteristic elution time under constant environmental 

factors. Thus, by comparing an unknown chromatogram with 

that previously obtained with a synthetic mixture of known 

composition, every individual amine acid present in the sample 

can be identified. In addition, the eiution rate of the 

column is kept at a constant value of 68 ml per hour, while 

the chart travels at a speed of 6 inches per hour. Further-

more, to facilitate the measurement along the time scale, the 

recorder prints a dot every 6 seconds for each curve on the 

chart, which is calibrated across in absorbance units on a log 

scale from zero to infinity. Therefore, the area, which is 

proportional to the amount of a given amino acid, can be 

readily integrated on the absorbance-time graph by the height-

width method. The area under the peak was determined as 

recommended in the Beckman manual by multiplying the height (H) 

of the peak by the width (W) which is measured at the mid-point 

of the height. The peak height can be read from the chart 

directly, while the width 1s measured by counting the number 

of dots above the width at half of the height (i.e. the total 

time for the chart to travel along the half-width). The 

concentration of each amino acid is calculated by the following 

equation: 
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H x W 
C u u 

Cc = 
u H x W c c 

where H , H and C are the height (absorbance), width (dots = 
ccc 

time) and concentration (micromoles) of the calibration 

mixture, and Hu' Wu and Cu the corresponding terms for the 

sample of known composition. 

The chromatogram of the synthetic mixture, containing 

eighteen amino acids, each 0.5 jAmoles, is shm'ffi in figure 44. 

As can be seen, the basic amino acids and ammonia, recorded in 

the shorter curve at the far left, were separated on the short 
o 

column (25 cm') operated at 56 C and with the pH 5.28, 0.35 N 

sodium citrate buffer. The acidic and neutral amine acids, 

shown in the longer second curve, were separated on the long 
o 

column (65 cm), which was also operated at 56 C. 
.. 

The elution 

was started with the pH 3.28, 0.2 N sodium citrate buffer and 

changed to the pH 4.25 buffer at 90 minutes a The half-cystine 

peak is well separated from alanine and the valine peak is 

sharpened by the pH 4.25 buffer front. Figure 1.1-5 ill ustrates 

the amine acid composition of insulin, and each individual 

amino acid present was identified. It is noted that 

methionine is absent from this chromatogram, as insulin 

contains no methionine. With the aid of the above equation, 

the concentration of each amino acid in the insulin sample 

could be determined. These values, calculated on a molar 
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Figure 44 

THE CHROMATOGRAM OF THE SYNTHETIC MIXTURE 
OF 18 AMINO ACIDS OBTAINED FROM BECKMAN 

MODEL 120B AMINO ACID ANALYSER 
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Figure 45 

THE CHROMATOGRAM OF THE HYDROLYSATE OF 

INSULIN OBTAINED FROM BECKMAN MODEL 120B 

AMINO ACID ANALYSER 
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basis relative to threonine, are listed in table XII and are 

compared with the theoretical values. The values obtained in 

five separate experiments were fairly reproducible. The 

lower values observed for serine, isoleucine and tyrosine, 

which were consistent in these experiments, might be 

attributed to the conditions of hydrolysis of the sample. 

Therefore, in the analysis of insulin fragments, hydrolysis 

was carried out under the same conditions as used for 

calibration of the instrument wi th the hydrolysate<of insulin 

itself, and the results obtained were compared with the 

experimental standard. 

Result and Discussion 

When the e.m.f. was applied to the electrolysis cell 

and was gradually increased, there was no current flowing 

through the cell until a threshold voltage was reached. On 

further increase of the applied e.m.f. f the current rose 

rapidly as demonstrated in figure 46. The threshold voltage, 

referred to as the decomposition voltage of the cathode 

solution, was obtained by extrapolation of the line to zero 

current. Frequently, a small current (the residual current) 

was observed even before the decomposition potential was 

reached and was attributed to the reduction of the trace 

amount of oxygen remaining in the cathode solution. As 

expected, the current-cathode potential curves, obtained with 
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Table XII 

AMINO ACln ANALYSIS OF INSULIN 

Amino acid Expected Observed 

Lysine l 0.9 

Histidine 2 2.0 

Arginine l 1.1 

Aspartic acid 3 3.1 

Threonine l 1.0 

Serine 3 2.5 

Glutamic acid 7 7.5 

Proline l 1.3 

Glycine 4 4.3 

Alanine 3 3.2 

Valine 5 4.9 

Half-cystine 6 5.8 

Isoleucine l 0.7 

Leucine 6 6.2 

Tyrosine 4 3.4 

Phenylalanine 3 2.9 
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Figure 46 

CURRENT-VOLTAGE CURVE OF 5 }1MOLES OF 
INSULIN IN PHOSPHATE BUFFER, 

pH = 7.2, IONIC STRENGTH 0.02 
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the large mercury cathode and with a well-stirred solution, 

did not show the limiting current (i.e. did not reach a 

plateau value) that is characteristic of the dropping mercury 

electrode polarograms. The occurrence of a limiting 

diffusion-controlled current depends on the attainment of an 

extreme state of concentration polarization at the electrode 

surface, 'whereas the use of a large mercury electrode reduces 

concentration polarization to a minimum. Hence no limiting 

current was observed. Therefore, by using the present 

method, it was difficult to determine whether there were three 

distinct decomposition potentials for the three disulphide 

bonds present in the insulin molecule. 

The decomposition potential measured was -1.46 ± o.oS·V 

vs S.C.E.,:. Previously Kolthoff and Barnum (225), in their 

study on the cathodic waves of cystine, found that the 

depolarization potential of cystine solution was d~pendent on 

the pH. At pH values between 4 and 9.2, the depolarization 

potentials of the buffered solutions saturated with cystine 

varied from -0.2 V to -0.75 V vs S.C.E. and further increase 

in applied voltage resul ted in a slow' rise in current wi th a 

fIat slope. However, when the solutions were saturated with 

a capillary-active substance, such as camphor, at pH values 

between 4 and 9.2, the waves shifted to a more negative 

potential and the current-voltage plot had a steep slope, aIl 

the waves starting at about -1.35 V (vs S.C.E.). In order to 

explain the shift of the cystine waves to a·.more negative 
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potential, Kolthoff and Barnum (225) postulated that the 

cystine had to be oriented in a favourable position at the 

surface of the dropping rnercury electrode to be reduced. 

Apparently capillary-active substances counteract or prevent 

the orientation of cystine at the interface and thus displace 

the waves to more negative potentials. In the present study, 

the reduction potential rneasured at the mercury cathode for 

the disulphide bonds of insulin also occurred at a more 

negative value than that of the simple cystine. Thus, it 

would appear that for the reduction of S-S bonds in the 

insulin molecule, which itself is surface active and compli­

cated in structure, it had to be in an appropriate orientation 

itself, so that the cystine resid.ues were in a favourable 

position at the mercury-solution interface. 

As mentioned in the introduction of this chapter, 

with chemical reducing agents in the absence of denaturing 

agent cleavage of either intrachain or interchain disulphide 

bonds were accomplished.. The differential reduction of these 

two types of disulphide bonds in insulin indicates that 

probably there might be two different environments which ernbed 

these bonds. Thus, in the present study, for reduction of 

the interchain disulphide bonds, a voltage of -1.6 V vs. S.C.E. 

was applied to the cathode in order to attain a decent current 

(2 to 3 rnarnps) while a cathode voltage of slightly below 

-2.0 V was applied for total reduction. 

Aside from the cystine residues in insulin, the 
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reducible substances present in the cathode compartment were 

Na+, K+ ions and a trace amount of' Zn++, which was present in 

the crystalline beef insuline AlI these ions could be 

electro-separated in the Mercury cathode and subsequently 

amalgamated with the Mercury when the cathode voltage reached 

their corresponding decomposition potentials. . The half-wave 
+ + ++. 

potentials of Na , K and Zn are -2.11 V, -2.14 V and 

-0.993 V (vs S.C.E.), respectively (226). Thus, with the 

cathode voltage kept at -1.6 V or slightly less than -2.0 V 

++ (vs S.C.E.), only the cystine and Zn were reduced.However, 

there was no significant rise in current at -0.993 V vs S.C.E. 

b bl d t 1 t t · f Z ++ . pro a y ue 0 a very ow concen ra lon 0 n lons. 

Figure 47 shows the change of current with time. As 

the cathode voltage was adjusted manually from time to time, 

the current decreased in a stepwise fashion. The histograms 

were similar for both reductions when the cathode voltage was 

kept either at -1.6 V or slightly less than -2.0 V. The 

formation of SB groups was followed by amperometric titTation, 

as this method gave direct and quick results. 

Methods of Analysis 

(A) Paper electrophoresis 

Since the products of reduction were poorly soluble 

under mild pH range (pH 4.0 - 9.0) i.e. solubility was less 

than l mg/ml, paper electrophoresis was carried out in 20% 
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Figure 47 

CURRENT VS TIME DURING THE COURSE OF ELECTROLYTIC 
REDUCTION OF INSULIN AT -1.6 V VS S.C.E. 
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formic acid (pH = 1.2) according to the method described in 

Chapter 3. Optimal separations were generally achieved by 

passing a curren1t of 10 mA (at 110 V) for 2L~ hours at 4 oC. 

The identity of the bands was deduced from the electrophoretic 

properties at pH = 1.2. 

The A chain after complete reduction and alkylation 

of the 4 SH groups contains (see page 21) one terminal amino 

group (charge + l unit), two glutamic acid residues of 

pK = 4.7, one terminal carboxyl group of pK = 3.6 (113) and 

four S-carboxymethylcysteine of pK~ 3. The last three types 

of amino acids have probably a negligible charge at the pH of 

of 1.2 and, therefore, the overall charge of the A chain at 

this pH was expected to be + l unit. As the charge contri-

bution from S-carboxymethylcysteine groups would beat best 

negligible, the net charge of the A chain,with the intrachain 

disulphide bond intact, would be expected to be the same as 

that of the totally reduced A chain. The A chain with the 

intrachain disulphide bond intact will be referred to here­

after as A(S~S) chain, whereas the totally reduced A chain, 

i.e. with the reduced intrachain S-S bond, will be ref~rred 

to in future simply as the A chain. 

The B chain contains one terminal amino group, one 

lysine residue, one arginine residue, two histidine residues 

(i.e. overall charge of + ., units) and for similar reasons, as 

stated before, the charge contribution from the two glutamic 

acid residues, the terminal carboxyl group, and the two 
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S-carboxymethylcysteine would be negligible. The overall 

charge of the B chain, therefore, would be + 5 units. On 

the same grounds, the net charge of the intact insulin under 

these conditions would be expected to be + 6 units. 

'~hen an average of 2.9 S-S bonds 'was' reduced at a 

cathode voltage. of slightly less than -2.0 V S.C.E., the 

products separated into two distinct bands on paper electro­

phoresis at pH 1.2: one remaining at the line of application 

and the other with its cationic mobility slightly slower than 

that of the intact insulin (figure 48). These two bands are 

identified with their corresponding electrophoretic mobilities 

as A and B chains, respectively. The present results 

indicate that even under mild experimental conditions all 

three disulphide bonds of insulin were elect'rolytically 

reduced and that no air oxidation or re-combination occurred 

to form insulin after the reduction. Furthermore, at pH 1.2, 

the two chains were separated from each other without any 

apparent aggregation. 

Figure 49 shows the products of the reduced insulin 

when an average of 2.0 S-S bonds was reduced at a cathode 

voltage of -1.6 V vs S.'C.E. Only two bands were observed: 

one corresponding to either a totally reduced or A(S-S) chain 

and the other corresponding to B chain. If the three 

disulphide bonds of insulin had been reduced at random, the 

products ranging from intact insulin, insulin"t'VÎ th one or two 

disulphide bonds reduced and insulin fragments with all 
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Figure 48 

Paper electrophoretic patterns of insulin and 

of the products of insulin reduced at a 

cathode voltage of slightly less than 

-2.0 V vs S.C.E. 

Solution 20% formic acid 

Voltage 110 V 

Current 10 mA 

Time Z4 hours 

Temperature 4°C 
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Figure 49 

Paper electrophoretic patterns of insulin 

and of insulin fragments obtained when an 

average of 2.0 S-S bonds was reduced at a 

cathode voltage of -1.6 V vs S.C.E. 

Solution 20% formic acid 

Voltage 110 V 

Current 10 mA 

Time 24 hours 

Temperature 4°C 
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disulphide bonds reduced would have been obtained in different 

quantities. For a random process, the distribution of the 

products can be readily calcUlated according to the law of 

proba:bility. Thus, in a population of insUlin Molecules, 

each Molecule has three disUlphide bonds. On the average, 

two disulphide bonds are broken after the electrolytic 

reduction. Renee, the probability that a given disulphide 

bond in a molecule is broken is 

p = 2 
:3 

and the probability that a given disulphide bond in a Molecule 

remains intact is 

The probability to find an insulin Molecule with x disUlphide 

bonds broken can be expressed as 

nI x n-x 
p = ----~---- p q 

x (n - x) I nI 

where n = total disulphide bonds in insulin = :3 

x = number of disulphide bonds broken. 

From this equation, the probabilities to find an insulin 

molecule with 0, l, 2, :3 disulphide bonds broken are evaluated 

(table XIII). As can be seen from this table, the Most 

probable products after electrolytic reduction would have 

been: (i) B chain, (ii) totally reduced A chain, (iii) A chain 



Table XIII 

EXPECTAT10N VALUES OF DIFFERENT TYPES OF PRODUCTS WREN AN AVERAGE OF TWO 

S-S BONDS OF INSULIN 1S REDUCED AT RANDOM 

Probability Types of Products 
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with intrachain S-S bond intact, (iv) insulin with the B7 - A7 

interchain disulphide bond intact and the intrachain disulphide 

bond and the B19 - A20 interchain disulphide bond reduced, and 

(v) the B19 - A20 interchain disulphide bond intact and the 

intrachain S-S bond and the B7 - A7 interchain disulphide bond 

reduced. The products of the (iv) and (v) types would assume 

an overall charge which would be different from those of A and 

B chains, but equal to those of the intact insulin and of 

insulin with one of the three disulphide bonds reduced at 

pH 1.2. Thus, it is anticipated that upon electrophoresis at 

pH 1.2, at least three bands should have been observed. The 

absence of the band or bands corresponding to those of (iv) 

and (v) suggests that the three disulphide bonds of insulin 

had not been ruptured at random, but that the t'toTO interchain 

disulphide bonds were preferentially re~uced at the cathode 

voltage of -1.6 V vs S.C.E. From this evidence one would 

deduce that the intrachain disulphide bond would be reduced at 

a higher càthode voltage, which is in agreement with the 

observation of Cecil and Wake (207) that the interchain 

disulphide bonds are in general more labile than the intra-

chain dj.sulphide bonds in proteine Moreover, the band 

remaining at the line of application would thus represent the 

A(S-S) chain, i.e. with the intrachain disulphide bond intact • 
... 

When,. on the average, 1.0 S-S bond was reduced at a 

cathode voltage of -1.6 V vs S.C.E., the electrophoretic 

pattern of the products of reduction revealed three bands: 
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one remaining at the line of application with mobility 

corresponding to that of either the totally reduced A chain or 

the A(S-S) chain, one with a cationic mobility slightly slower 

than that of intact insulin and corresponding to B chain, and 

a third one with a cationic mobility slightly faster than that 

of crystalline zinc insulin (figure 50). As already 

discussed above, at this cathode voltage, rupture of the three 

disulphide bonds of insulin molecule does not occur at random; 

therefore, one can deduce that the two interchain disulphide 

bonds are preferentially reduced. Thus, it is anticipated 

that when, on the average, 1.0 S-S bond was reduced at a 

cathode voltage of -1.6 V vs S.C.E., the main products would 

be the A(S-S) chain and the B chain, and there would be a 

substantial amount of intact insulin remaining in solution. 

Therefore, it would seem reasonable to identify the band 

remaining at the line of application in figure 50 as the 

A(S-S) chain. 

The insulin used in this investigation was crystalline 

zinc insulin with a molecular weight of 36,000. It has been 

suggested that the site of binding of the zinc is through the 

co-ordination of histidine residue with the Zn++ ion (112,113). 

As noted before, the half-wave potential of Zn++ ions is 

-0.993 V vs S.C.E. Renee, with the cathode voltage kept at 

-1.6 V vs S.C.E., the Zn++ ions would be electro-reduced and 

subsequently amalgamated with the mercury in the cathode 

compartment. Therefore, any crystalline insulin remaining in 
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Figure 50 

Paper electrophoretic patterns of insulin 

and of insulin fragments obtained when an 

average of 1.0 S-S bonds was reduced at a 
cathode voltage of -1.6 V vs S.C.E. 

Solution 20% formic acid 

Voltage 110 V 

Current 10 mA 

Time 24 hours 

Temperature 4°C 
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solution would have become zinc-free insuline The molecular 

weight of zinc-free insulin in aqueous solution is dependent 

on pH and on the insulin concentration, and at the pH used for 

paper electrophoresis (pH = 1.2) insulin exists as a dimer(114). 

Thus, the third band in figure 50 with a cationic mobility 

slightly faster than that of crystalline zinc insulin (a 

hexamer) might represent zinc-free insulin (a dimer); the 

observed change in mobility is considered to be brought about 

through the alteration in electrokinetic properties of the 

insulin molecule as it dissociates from a hexamer into a dimer. 

(B) Ion-exchange chromatography 

As insulin and its separate A and B chains have 

different isoelectric points, it would be reasonable to expect 

that these can be separated by chromatography on an ion-exchange 

resin. Therefore, the products of reduction, obtained when 

an average of 1.0 S-S bond was ruptured at a cathode voltage 

of -1.6 V vs &C~., were separated in a column (i.o cm x 20 cm) 

of Dowex 50-X2 according to the method. of Bailey and Cole (227). 

The column was equilibrated with 6 M urea buffered at pH 2.2 

with 0.2 M sodium citrate overnight in a cold room. A sample 

of 20 mg in 1.0 ml of the same buffer was applied to the 

column. The glycyl chain passed through the column unretarded 

and the phenylalanyl chain was eluted with 6 Muree buffered 

at pH 7.6 with 0.2 M sodium phosphate. The third component 

was eluted with 6 M ure a buffered at pH 8.5 with 0.2 M 
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Tris-phosphate. After dialysis against distilled water to 

rem ove urea, the fractions obtained were concentrated by 

lyophilization. These fractions will be referred to 

hereafter as fraction l, II and III, respectively. 

Figure 51 represents the chromatogram of the insulin 

fragments. As can be seen, three peaks were observed, 

fraction l corresponding to the A(S-S) chain, fraction II 

representing the B chain, and fraction III being the component 

whic~'had the fastest cationic mobility on paper electro-

phoresis at pH 1.2. Each fraction was further identified by 

paper electrophoresis in 20% formic acid (pH = 1.2). The 

electrophoretogram (figure 52) reveals that fraction l 

remained at the line of application and that there was no 

contamination with either B chain or with insuline Fraction 

II migrated with a mobility corresponding to that of B chain; 

however, tailing was observed. Thus, this result suggests 

that the latter fraction was probably contaminated with a 

small amount of A chain. Fra0tion III corresponded to the 

third component on paper electrophoresis. These fractions 

were subjected to amine acid analysis. 
,. 

(c) Amino acid analysis 

As the totally reduced A chain, the A(S-S) chain, the 

B chain and intact insulin differ from each other in their 

primary structure, analysis of their compositions was expected 

to lead to their unequivocal identification. Thus, the 
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Figure 51 

SEPARATION OF INSULIN FRAGMENTS IN A 

COLUMN (1.0 x 20 cm) OF D01.fEX 50-X2 
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Figure 52 

ELECTROPHORETIC PATTERNS OF FRACTIONS l, 

II AND III IN 20% FORMIC ACID 

Voltage 

Current 

Time 

Temperature 

- 110 V 

- 10. mA 

24 hours 
o 

- 4 C 



CATHODE 

~~~ 
"~~~~r' "~:.J.~~-:,:~~:. .... ~:'c .,--!: JO_ 

:~.' . 

-----.-«E~----~~ 

Fraotion l Fraction II 

... --.. • 1ULc 

Insulin 

ANODE + 

.~~.~~/Ftjj;~~~< 
::;.~j.~7-:", -..::.. 

- - cGr' "ILl. 

Fraction III 

Line of 
application 

! 
~.-,--~-- .... 

@ 

'. 

"' 

i.! 
.",: 

-~ 

.. -:, 

: :-~ 

-~ 

-"\,;'i 
~~ 

-".~ 

,.' 
.:.:.~ 
;~ 
-j 

.• 'f 

"' ." ·~t 

.-~ 
... ~~ 

"7J 
~~~,." 
-2, 
..... ,~ 
~~1 

.'~1 
-.,;i-

:~ 

.\~ 
- .. ~:;' 

~ ~;1 

.. 2%; 



- 197 -

fractions separated from a column of Dowex 50-X2 were 

sUbjected to duplicate amine acid analysis and, from the 

chromatograms obtained (figures 53, 54, 55), the relative 

molar concentration of each amino acid present in each 

fraction could be evaluated. 

The chromatogram of fraction l (figure 53) 

demonstrated that there were only trace amounts of lysine, 

histidine, and threonine and that the peaks corresponding to 

arginine, proline and phenylalanine were not observed. As 

these amine acids are absent from the A chain of insulin, the 

result of this analysis indicates that fraction l contained 

A chain, which was contaminated with trace amounts of B chain. 

Upon comparing the relative concentration of each amino acid 

present in this fraction with that of A chain, it can be seen 

from table XIV that there is a very good agreement. Thus, 

this fraction undoubtedly contained A chain. In addition, in 

figure 53 there is a new peak appearing two minutes before the 

elution time of aspartic acid; this new acidic amino acid, 

which is not present in the original insulin, was therefore 

identified as the S-carboxymethylcysteine. This evidence, 

together with the presence of two half-cystine residues, 

suggests that fraction l consisted of A(S-S) chain, i.e. A chain 

with the intrachain disulphide bond intact. The present result 

thus confirms the earlier conclusion derived from the analysis 

of paper electrophoresis that reduction of the insulin mole cule 

did not occur at random and that the cleavage of one out of 
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Figure 53 

THE CHROMATOGRAM OF THE HYDROLYSATE OF 

FRACTION l OBTAINED FROM BECKMAN MODEL 120B 

A~UNO ACID ANALYSER 
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Figure 54 

THE CHROMATOGRAM OF THE HYDROLYSATE OF 

FRACTION II OBTAINED FROM BECKMAN MODEL 120B 

AMINO ACID ANALYSER 
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Figure 55 

THE CHROMATOGRAM OF THE HYDROLYSATE OF 

FRACTION III OBTAINED FROM BECKMAN MODEL 120B 

AMINO ACID ANALYSER 
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Table XIJ[ 

AMINO ACID COMPOSITION OF FRACTION l 

(The data presented be10w are the 
average values obtained in two analyses) 

A1ky1ated 
Amino Acid A chain 

expected 

S-Carboxymethy1cysteine 4 

Lysine 0 

Histidine 

Arginine 

Aspartic acid 

Threonine 

Serine 

G1utamic acid 

Pro1ine 

Glycine 

Alanine 

Ha1f-cystine 

Valine 

Methionine 

Iso1eucine 

Leucine 

Tyrosine 

Phenylalanine 

o 

o 

2 

o 

2 

4 

o 

1 

1 

o 

2 

o 

1 

2 

2 

o 

Fraction l 
observed 

* 
0.1 

1.8 

1.9 

4.0 

1.2 

1.0 

2.0 

0.6 

2.1 

~~ 
The relative mo1ar concentration of S-carboxy-

methy1cysteine was not eva1uated as the 
standard for this amino acid was not avai1ab1e 
at the time of analysis. 
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the three disulphide bonds was most likely achieved at a 

higher ca thod.e voltage'. 

AlI the B chains produced by reduction were expected 

to be eluted in fraction II. From the determination of the 

relative molar concentrations of the amino acid residues present 

in this fraction (table XV), it is seen that there is a 

discrepancy." The presence of a small amount of isoleucine and 

half-cystine residues, which are not the constituents of B chain, 

suggests that this fraction was contaminated with either A chain 

or insulin~ Nevertheless, amino acid analysis alone could not 

establish the type of contamination. Rowever, as revealed by 

paper electrophoresis (figure 52), there was sorne tailing behind 

the band of the B chain, which is interpreted. to indicate that 

sorne of the A chain l'laS eluted together wi th B chain. 

Figure 55 shows the chromatogram of the amine acid 

analysis of fraction III. It is noted that the S-carboxy­

methylcysteine was absent from this fraction, and. the relative 

molar concentration of each residue agrees weIl with that of 

the insulin molecule (table XVI). Rence this fraction 

contained pure insulin molecules. This result suggests that 

the two interchain disulphide bonds behaved indistinguishably 

at the applied potential. Furthermore, as observed from the 

electrophoretic pattern of fraction III (figure 52), this 

fraction, which contained pure and zinc-free insulin, had a 

mobility slightly faster than that of the crystalline zinc 

insuline This finding supports the earlier conclusion drawn 
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Table XV 

AMINO AC In COMPOSITION OF FRACTION II 

(The data presented below are the 
average v®lues obtained in two analyses) 

Alkylated 
Amino Acid B chain 

expected 

S-Carboxymethylcysteine 2 

Lysine 1 

Histidine 2 

Arginine 1 

ASpŒTtic acid 1 

Threonine' 1 

Serine 1 

Glutamic acid 3 

Proline 1 

Glycine 3 

Alanine 2 

Half-cystine 0 

Valine 3 

Methionine o 

Isoleucine o 

Leucine 4 

Tyrosine 2 

Phenylalanine 3 

Fraction II 
observed 

* 
1.1 

1.8 

1.0 

1.1 

0.7 

1.1 

1.0 

2.5 

1.9 

0.8 

2~6 

0.3 

3.7 

1.6 

2.8 

of.. 
The relative molar concentration of S-carboxy-

methylcysteine was not evaluated as the 
standard fOI' this amine acid was not available 
at the time of analysis~ 
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Table XVI 

AMINO ACID COMPOSITION OF FRACTION III 

(The data presented below are the 
average values obtained in two analyses) 

Amino acid 

Lysine 

Histidine 

Arginine 

Aspevrtic acid 

Threonine 

Serine 

Glutamic acid 

Proline 

Glycine 

Alanine 

Half-cystine 

Valine 

Methionine 

Isoleucine 

Leucine 

Tyrosine 

Phenylalanine 

Insulin 
expected 

l 

2 

l 

3 

l 

3 

7 

l 

4 

3 

6 

5 

0 

l 

6 

4 

3 

Fraction III 
observed 

0.7 

1.8 

1.0 

3.2 

1.0 

2.8 

7.6 

1.3 

4.3 

3.3 

5.8 

4.8 

0 

0.8 

6.1 

3.5 

2.9 
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from the analysis of paper electrophoresis (section A, this 

chapter) that the observed-difference in mobility is 

attributed to changes associated with the dissociation of 

insulin from a hexamer to a dimer. 

(D) Molecular sieve chromatography 

The A(S-S) chain and B chain, after passage through a 

column of Dowex 50-X2, had a much lower solubility « 0.1 mg/ml 

in pH 6~o - 12.0) than those before the chromatography. This 

change in solubility may be attributed to some structural 

change in the free A and B chains with respect to their 

structure in the intact insulin Molecule or to sorne possible 

denaturation caused during ion-exchange chromatography at low 

pH and in the presence of a high concentration of the 

denaturing ~gent used. Because of possible denaturation and 

low solubility, the separated fragments were not 'considered to 

be suitable materials for testing their antigenicity. Hence, 

an attempt was made to separate the products of the reduction 

under milder conditions provided by molecular sieve 

chromatography at slightly alkaline pH. For this purpose, a 

sufficient amount of Sephadex G-75 of medium size was equili­

brated with borate buffer, pH 8.5, ionic strength 0.1, 

overnight in a cold room. After the fines had been removed 

by free sedimentation, a column (2 cm x 40 cm) was packed in 

several sections. The buffer was passed through at a flow 

rate of 5 ml/h with a constant pressure head of 1.5 psi until 
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there was no further drop in the height .of the gel in the 

column. As the particles of Sephadex G-75 were quite light, 

care was taken not to disturb the surface during the intro-

duction of the sample. In general, a sample of 20 mg in two 

ml of the same buffer gave a good separation in this column. 

For a good separation it was important to pass the bUffer 

through the column at a relatively slow flow rate, since fast 

flow rates led to poor separation of the insulin and insulin 

chains. The fract.ions obtained were dialysed exhaustively 

* against distilled water and then lyophilized. 

Each fraction obtained was further studied by 

analytical ultracentrifugation and paper electrophoresis. In 

addition, to determine the d.istribution of both the A and B 

chains in the second fraction, the eiuates of the corresponding 

tubes in ten separate experiments were pooled, dialysed 

exhaustively against distilled water and freeze-dried. The 

cystine residues per mole of A chain (M.W. 2,500) were then 

determined amperometrically in duplicate. 

Results and Discussion 

After passing through the column of Sephadex G-75, 

the products of the reduction (with an average of 1.0 S-S bond -
reduced) were separated into two fractions: SI and SIl (fig.56). 

* For dialysns, the 18/32 Visking tubing was used. If any 
losses occurred during dialyses, they were negligible. 
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Figure 56 

SEPARATION OF INSULIN FRAGMENTS IN 

A CODUMN OF SEPHADEX G-75 
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As already discussed in the section dealing with the analysis 

of ion-exchange chromatography and amino acid analysis, the 

products of the partial reduction consisted of zinc-free 

insulin, B chain and A(S-S) chain. Therefore, on a molecular 

weight basis, it was anticipated that the zinc-free insulin 

would be eluted in fraction SI immediately after the elution 

volume of the column. Since the molecular weights of A and B 

chains are approximately 2,500 and 3,000 respectively, these 

two peptides were eluted together in fraction SIl. This was 

confirmed by paper electrophoresis at 20% formic acid 

(pH = 1.2). As illustrated in figure 57, fraction SI was 

composed of protein, having a cationic mobility higher than 

that of the crystalline zinc insulin and corresponding to that 

of zinc-free insuline In addition, it was observed that a 

small amount of the peptide chains was also eluted in', this 

fraction. Fraction SIl, on electrophoresis, could be 

separated into two distinc,t bands, wi th mobili ties 

corresponding to those of the B and A chains; this fraction 

was free of insuline 

As already noted, for partial'reduct'ion of the' insulin 

sample, the cathode voltage was kept at -1.6 V vs S.C.E., 

which was higher than the decomposition voltage of Zn++ ion. 

Therefore, the Zn++ ion wa$ electro-separated and amalgamated 

with Hg, and the insulin remaining at the end of this 

reduction was free of zinc. This conclusion was supported 

also by ultracentrifugal study of fraction SI. The molecular 
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Figure 57 

ELECTROPHORETOGRAM OF FRACTION SIl, 
FRACTION SI AND INSULIN AT 20% 

FORNIC ACID 

Voltage 110 V 

Current 10 mA 

Time 

Temperature 
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weight of cystalline zinc insulin is constant within m~ld pH 

range (~pH 4 - 10) while that of the zinc-free insulin de pends 

on the protein concentration, pH and ionic strength of the 

buffer used. Previously, Marcker (114) reported that at a 

concentration up to 0.2,% and a concentration up to 0.5.%, the 

molecular weights of zinc-free insulin measured by osmometry at 

pH 9.10 were 12,000 and 24,000, respectively. On the other hand, 

by sedimentation experiments at pH 9 and 10, Fredericq (109) 

observed the sedimentation coefficient of 0.25% zinc-free 

insulin in potassium chloride-glycine solution (ionic strength 

0.1) to.: be approximately 1.3. In addition, he demonstrated 

the presence ·:.of the monomer with molecular weight of 6,000 in 

dilute aqueous solution. In the present study, from the 

results recorded in table XVII, it is clearly seen that 

fraction SI had a sedimentation coefficient of 1.418, which 

was much smaller than that of the crystalline zinc insulin 

(3.3S) under the same experimental conditions. Thus, these 

results indicate that insulin in fraction SI was free of zinc, 

and that consequently the polymerie insulin dissociated in 

slight alkaline pH. On the other hand, fraction SIl 

consisted purely of A and B chains. The sedimentation 

coefficient observed for this fraction was 0.74, which was 

more or less the same as that obtained for the reduction 

product when all disulphide bonds of the insulin mole cule were 

ruptured (O. 73S). Therefore, the present t~indings suggest 

that fraction SIl was composed of two chains. In addition, 
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Table XVII 

Sedimentation coefficients of the reduced 

insu1in and insu1in fragments in borate 

buffer pH = 9.5. ionic strength 0.1 

Item 

C~ysta11ine zinc insu1in 

Fraction SI 

Fraction SIl 

Product with 2.9 S-S bond reduced 

Product with 2.1 S-S bond reduced 

~S in Svedberg unit = 10-13 sec-1 

* S 

3.30 

1.41 

0.74 

0.73 

0.72 
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these chains were separated from each other in solution, i.e. 

did not aggregate to form an insulin molecule. Had the 

chains polymerized in solution, a higher sedimentation 

coefficient should have been observed for this fraction. A 

similar sedimentation coefficient was calculated for the 

reduction product when an average of 2~1 S-S bond was reduced. 

This observation implies that the reductionproduct contained 

mostly two chains·of insulin, hence confirming the earlier 

conclusion reached from the results of paper electrophoresis 

that reduction of the disulphide bonds was not at random, but 

tha't; the two interchain disulphide bonds in the insulin 

molecule were reduced preferentially, i.e. prior to the 

intrachain S-S bond, at a cathode voltage of -1.6 V vs S.C.E. 

The homogeneous distribution of the two chains in 

fraction SII was investigated. As seen.'from table XVIII, 

the cystine residue, i.e. A(S-S) chain, was concentrated in 

the rear portion' of fraction SII. 

A(S-S) chain could be obtained. 

Antigenic activities of the A and B 
chains of insulin 

Thus, the relatively pure 

Materials and Method 

DOl· t Th 1 b ff d 1" * d 0 1 uen - e verona u ere sa 1ne use 1n 

these experiments had a pH 7.4, ionic strength 0.15. and 

~I-This buffer consisted of 85 g of NaCl, 5.75 g of 5.5-diethyl 
barbituric acid and 3.75 g of sodium 5,5-diethyl 
barbiturate dissolved in 10 liters to give pH 7.3 - 7.4. 
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Table XVIII 

DETERMINATION OF CYSTINE RESIDUES IN 

FRACTION SIl 

Tube No. in 
fraction SIl 

14 

15 

16 

17 

18 

19 

20 

S-S residue 
per chain 

0.10 

0.25 

0.47 

0.70 

0.88 

0.92 

0.95 
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contained 1% normal rabbit serum. 

The B chain and the tota11y reduced A chain were 

purified by gel filtration procedure described in section D 

of this chapter. For this purpose, a samp1e of the reduced 

insu1in with a11 three disUlphide bonds ruptured was passed 

through a co1umn (2 cm x 40 cm) of Sephadex G-75 in borate 

buffer (pH 8.5, ionic strength 0~1). The B chain was 

recovered from the e1uate, co11ected from tubes 12 to 15. 

whi1e the tota11y reduced A chain was recovered from the 

e1uate obtained froID tubes 19 to 21. 

For the purification of the A chain with the 

intrachain disu1phide bond intact, a samp1e of reduced 

insu1in with an average of 1.0 S-S bond ruptured was passed 

through a co1umn (2. cm x 40 cm) of Sephadex G-75 in borate 

buffer (pH 8.5. ionic strength 0.1). The A(S-S) chain was 

recovered from the rear portion of the second fraction (from 

tube 19 onwards). The partia11y reduced A chain purified by 

this procedure contained 0.90 - 0.95 S-S bond per mole of 

A chain (M.W. 2,500). 

The rabbit antiserum to insUlin was obtained by the 

immunization of rabbits with IN-TDIC-BSA conjugates, as 

described in Chapter IV. 

The precipi tin reaction in agar-gel and the inhi bi tion 

of the precipi tin reaction in agar-gel, as we11 as the inhi bi tion. 

in hemagg1utination, were carried out as descri bed in Chapter IV. 

To determine the inhibitory activity of the A(S-S) 



) 

- 215 -

chain relative to that of the original insulin, the 

hemagglutination-inhibition test was first calibrated. For 

this purpose, various amounts of insulin (ranging from 10 ~ 

to 0.50flg) were added as inhibitor to the hemagglutination 

reaction. The hemagglutination titers in the presence of 

various amounts of insulin were diminished to different 

extents, decreasing wi th the increase of'· insulin added. In 

the test, 10~ of A(S-S) chain were added as an inhibi~o~ 

instead; the hemagglutination titer was observed and the 

percentage inhibitory activity of the A(S-S) chain, relativ~ 

to that of insulin, can be evaluated by comparing 10 fg of 

A(S-S) chain to the amount of insulin, which inhibited the 

hemagglutination reaction to the seme extent. 

To study the effect of B chain on the inhibitory 

activity of the A(S-S) chain, 0.05 ml of diluent containing 

various amounts of B chain and a constant amount of A(S-S) 

chain were added to the hemagglutination reaction as 

inhibitors. The corresponding titers obtained were recorded. 

Results and ~~scussion 

As can be seen from table XIX, both the B chain 

and the totally reduced A chain'were immunologically inactive, 

as demonstrated by the direct agar-gel diffusion and by the 

inhibition tests in agar-gel diffusion and hemagglutination 

reaction. As the insulin molecule itself is antigenic, the 
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Table XIX 

ANTIGENIC ACTIVITIES OF THE A AND B CRAINS OF INSULIN 

Antiserum: rabbit antiserum to insulin 

Inhibition Direct agar-gel 
diffusion agar-gel hemagg. 

chain with intrachain + + disulphide bond intact 

chain (totally reduced) 

chain 

chain + B chain 
(both totally reduced) 
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non-reactivity of the totally reduced A chain or of the B 

chain might be attributed to theconformational changes 

resulting from the rupture of the disulphide bond. Fission 

of the disulphide bridges of the insulin Molecule might alter 

the original secondary and tertiary structures of the peptide 

chain, which might lead to the masking of the original 

determinant groups present on the surface of the Molecule, at 

the same time exposing new antigenic groups on the surface of 

the Molecule. In fact, rotatory dispersion measurements on 

the separated, reduced and alkYlated A andB chains indicated 

that both chains were present in solution as random coils (154). 

This finding is in agreement with the observation of Berson 

and Yalow (152), who reported that neitheOr Anor B chain alone 

would inhibit insulin binding. 

As expected, the A(S-S) chain, i.e. A chain with 

intrachain d.isulphide bond intact, did not give a direct 

agar-gel reaction. It, however, inhibited both the agar-gel 

diffusion and hemagglutination reaction between insulin and 

its homologous rabbit antibodies. The A(S-S) chain used for 

the inhibition study contained 0.90 - 0.95 S-S bond per mole 

of A chain. This might be irtterpreted as indicating that 

the A(S-S) sample might have been contaminated with a small 

amount of B chain and/or a small amount of the totally reduced 

A chain. It is conceivable that the intrachain diosulphide 

bond of insulin, which was not reduced until a higher cathode 

voltage had been reached, might undergo interchange reaction 
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with the interchain SH groups formed during the electrolytic 

reduction. Previously, Wardlaw and Dixon (228) demonstrated 

that 0.7 - 1.5% of, A and B chains present together in solution 

may recombine to form insuline The possibility that the 

observed inhibitory activity might be attributed tO,the small 

amount of the recombined insulin may be' refuted from the 

result that the mixture containing an equal amount of A and B 

chains did not have any inhibitory activity. Further support 

for this conclusion comes from the finding that the inhibitb~y 

activity of the A(S-S) chain was independent of the presence 

of B chain (table XX). In addition, a decrease in the amount 

of A(S-S) added as inhibitor resulted in an increase in the 

hemagglutination titer. This observation indicates that the 

antigenic activity of the A(S-S) chain is entirely due to the 

A chain with the intrachain disulphide bond intact. 

The inhibitOry capacity of the A(S-S) chain was 

compared with that of the insulinf.oTfour separate antisera. 

As can be seen from table XXI, in aIl antisera tested, both 

insulin and the A(S-S) chain invariably inhibited the 

hemagglutination reaction between insulin and its homologous 

rabbit antibodies, but to a different degree. There is no 

correlation between the titers obtained in the presence of 

insulin and those obtained in the presence of the same amount 

of A(S-S) chain. These results would suggest that antibodies 

elicited in different rabbits possess different affinities 

towards the A(S-S) chain, or it might indicate that the 
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Tliible .xx 

EFFECT OF B CHAIN ON THE INHIBITORY ACTIVITY OF THE 
A(S-S) CHAIN 

Antigen: insulin 
Antiserum: rabbit antiserum to insUlin 

No. flg of B chain added J.1g of A(S-S) chain Hemagg. 
as inhibitor added as inhibitor titer 

1 0 0 128 

2 0 10.0 8 

3 2~5 10.0 8 

4 5~0 10.0 8 

5 7~'5 10.0 8 

6 10.0 10.0 8 

7 5.0 . 5.0 32 
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Table XXI 

Comparison of the inhibitory activity of insulin 
with that of the A(S-S) chain for 

four rabbit antisera to insulin 

(AlI experiments were set up in triplicate) 

Antigen: insulin 

Antiserum: rabbit antiserum to insulin 
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relative amount of antibodies directed against the determinant 

in A(S-S) chain varies from rabbit to rabbit. 

Table XXII shows the extent of inhibition in 

hemagglutination for antiserum No. l when different amounts of 

insUlin were added as inhibitor. The hemagglutination titer 

of the antiserum No. l was 128. In the presence of 10 ~g of 

the A(S-S) chain, the titer decreases to 8 whereas only 0.75 -

1.0 ~g of insQlin was required to inhibit the hemagglutination 

reaction to the same extent. Thus, the inhibitory capacity 

of the A(S-S) chain was 7.5 - 10% of the original insuline 

However, it must be stressed that this inhibitory capacity of 

A(S-S) varied from serum to serum. 

The A(S-S) chain itself did not give direct 

precipitin reaction. However, it did inhibit the reaction 

between insulin and ~ts homologous rabbit antibodies. These 

results suggest that the A(S-S) chain is univalent. Further 

reduction of the intrachain disulphide bond resulted in 

complete loss of its inhibitory activity. Thus, it would 

appear that the intrachain disulphide b~nd retained the 

complementary configuration within the loop A6 - AlI, which 

enables its reaction with the corresponding antibody combining 

site. Implicit in this interpretation is that one of the 

antigenic determinants of insUlin is located in A6 - AlI, 

including the intrnchain disulphide bond. As already discussed 

in Chapter IV, beef insulin differs from rabbit insUlin only 

in the C-terminal amine acid (B)O) of B chain and the amine 
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Table XXII 

CALIBRATION FOR THE HEMAGGLUTINATION-INHIBITION 

TECHNIQUE 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

Antigen: insUlin 
Antiserum: rabbit antiserum to insUlin 

flg of insulin added 
as inhibitor 

10~0 

7;5 

5'~0 

2~5 

1· .. ·0 

0.75 

0.50 

Hemagglutination 
titer 

128 

complete 

2 

2 - 4 

4 

8 

8 - 16 

16 
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acids in positions 8 and 10 of A chain (table II). If the 

antigenic properties of the protein molecule are determined 

by the primary structure, it is anticipated ~hat only these 

three amino-acid acids should represent the site of anti-

genicity. The results of the present investigation indicate 

that amino acids A8 and AIO, situated within the loop of the 

intrachain disulphide bond., indeed constitute a site of 

antigenicity. 

More recentlY, it was demonstrated by Yagi et 

al. (229) that the S-sulphonated B chain could bedegraded by 

different enzymes into smaller peptides, which were then 

purified by gel filtration and high voltage electrophoresis. 

The chemically characterized peptides were then labelled with 

1125• The antigenic activity of each peptide with respect to 

the guinea pig anti-B chain antiserum was determined by 

equilibrium dialysis and co-precipitation. These authors 

concluded that the Bl - 9 peptide was active with respect to aIl 

antisera, whereas the B
23

-
30 

peptide '\'Tas capable of interacting 

with a few antisera only. The association constants measured 

for interaction of these two peptides with the anti-B antisera 
7 6-1 were in the order of 10 - 10 M • Removal of the phenyl-

alanine resulted in serious loss of combining capacity; 

similarly, regions in the middle portions of the B chain, such 

L as Bll- 16 , B17-25' and B2_10 , were active. Thus, these 

results indicated that there were two independent antigenic 

regions residing in the B chain. As already noted, bovine B 
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chain differs from guinea pig B chain in 10 of the 30 amine 

acids (B3, B4, B10, B14, Bl?, B20, B2l, B22, B2?, and B30). 

To this marked difference in composition of the two B chains, 

one may attribute the immunogenicity of the beef B chain to 

the recognition of the antigenic determinants of beef B chain 

by the antibody-forming cells of the guinea pige On the other 

hand, bovine B chain differs from rabbit B chain in only one 

amino acid (B30). In the present study, it was demonstrated 

that bovine B chain did not interact with rabbit antibodies 

specifie to in~ulin. If the antigenic determinant is 

controlled by the primary structure of the protein molecule, 

the only region that could have been the antigenic site is the 

B30. However, in view of the fact that A chain with the 

intrachain disulphide bond intact was active, whereas the. 

totally reduced A chain was not active, the non-reactivity of 

the B chain might be"attributed also to the possible loss of 

its rigid three-dimensional configuration associated'with the 

original B chain in the insulin molecule. Thus, the present 

result did not eliminate the possibility that the B chain in 

the intact bovine insulin might be also antigenic. 

In contrast, a striking observation was reported by 

Wilson and Aprile (230); they showed that sera from human 

diabetics resistant to bovine insulin provoked passive 

cutaneous anaphylaxis (peA) in the guinea pig challenged with 

synthetic B chain double peptide (Bl -S)2. This result was 

unexpected as the only difference between the amine acid 
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sequences of human and bovine insulins is at position 8 - 10 

of the A chain and position 30 of the B chain. To account for 

this immunological manifestation, a relatively rigid molecular 

model for insulin was proposed in which Bl_6 region was 

considered to be situated closely to the main antigenic locus 

Furthermore" the B
9

- l8 and B20- 30 regions form a 

twin alpha-helix, so that the two ends of the B chain lie on 

either side of the N-terminal glycYl residue of the A chain. 

Similarly. the guinea pig antiserum to ox insulin provoked PCA 

reaction when challenged with the synthetic peptide AIO_
21

• 

This PCA'reaction was inhibited when the guinea pig antiserum 

had been pre-incubated wi th 0 • .5 f"g of AIO_21 ' or .50 p..g of 

(Bl - 8 )2 or .50jLg of (B17- 30 )2. These results would indicate 

that the main antigenic determinant region is located in 

AIO- 2l ' including a small portion of Bl _8 and B17- 30• Implicit 

in this interpretation is that Bl _8 and B
17

-
30 

are located 

closely to AIO- 21 • In the study of Wilson et al. '(230) the 

beef A chain differs from gudnea pig A chain in 8 amine acids 

(A4, A8, A9. AIO, A12, A13, A14, and A18). The peptide A
IO

_
21 

contains most of the amino acids that are different in these 

two types of A chains~ Thus, it is anticipated that A
IO

_
21 

is the locus of the antigenic determinant. On the other hand, 

results of the present study clearly indicated that an antigenic 

determinant of A chain with respect to its homologous rabbit 

antibodies specifie to beef insulin is located in the A6 - AlI 

region, including the intrachain disulphide bond. This 
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portion of the beef A chain contained the two amino acids 

(AB and AIO) that are different from those of rabbit A chain. 

Thus, it appears that the antigenic region of the A chain 

varies, depending on the recipient, and that results obtained 

with sera of one species cannot be unreservedly considered to 

hold for another species. 
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GENERAL DISCUSSION 

Ever since the classical studies of Landsteiner, the 

studies of the production of antibodies to low molecular weight 

and well-defined compounds and of their interactions with these 

haptens have provided the basis for the understanding of the 

specificity of the antigen-antibody reaction at the molecular 

level. From such studies it was deduced that the antibody 

combining site was configurationally complementary with respect 

to small chemical groups of the antigen molecule, and not to 

the antigen molecule as a whole, and that this site represented 

only a small portion of the antibody molecule. However, the 

nature of the determinant groups on the surface of a protein 

molecule is in general not fully understood. This is partly 

due to the limited knowledge of the primary, secondary and 

tertiary structures of the protein molecules and partI y due to 

the dependence of the antigen-antibody reaction on the three-

dimensional configuration of the prote in molecule. 

In the present study, insulin has been chosen as an 

antigen for the reason that it is a relatively small protein 

'molecule (M.W. 6,000) consisting of two polypeptide chains 

(A chain of 21 amine acids and B chain of 30 amino aCids), the 

primary structure of which is known for insulins from a variety 

of animaIs (84-98). Thus, it was considered to provide a 

good. mod.el for the stud.y of the nature of the antigenic 

determinant groups occurring on the surface of the protein 

molecule. 
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As already noted, insulin itself is a weak antigen, 

the induction of antibodies against it requiring large amounts 

of antigen, in the absence of adjuvants, which must be 

administered over a long period of time (129). Immunization 

of laboratory animaIs with insulin in the presence of adjuvants 

has evoked the formation of precipitating antibodies in sorne 

instances. However, success in immunization was mainly con-

finedto guinea pigs receiving doses of beef insulin in the 

presence of adjuvants (140-144). Among the factors responsible 

for the weak antigenicity of insulin one may cite (i) its low 

molecular weight, (ii) the injection of large doses of insulin 

causes often the death of the animaIs due to the hypoglycemic 

effect of insulin, and (iii) structural similarity to 

autologous insuline Tb overcome these limitations, in the 

present study insulin was coupled to a carrier protein, BSA. 

It was anticipated that the insulin-protein conjugates would 

elicit in rabbits the formation of antibodies specifie to 

insulin and that these specifie antibodies could be used for 

the study of the antigenicity of the insulin Molecule. 

It has been shown in this investigation that insUlin 

could be coupled to bovine serum album in through the formation 

of ureido linkage (R-NH-CO-R'). To this end, the tolylene-2, 

4-diisocyanate (TDIC) was used as a coupling agent because the 

isocyanate group in position 4 is more reactive than the one in 

position 2. Hence, stepwise reaction with each of the two 

proteins to be coupled could be controlled, i.e. it was possible 
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to conjugate the diisocyanate first with insulin in the first 

stage to form IN-TDIC adduct, which was subsequently reacted 

to BSA in the second stage to form IN-TDIC-BSA conjugates. 

Moreover~ it has been demonstrated. that, on the average, two 

IN-TDIC were coupled ~r BSA mole cule and a higher molecular 

weight compound (IN-TDIC)3-BSA was also formed, but to a lesser 

extent; 

It is obvious from this outline that, in order to 

minimize destruqtion or blocking of the determinant groups of 

the protein molecule responsible for its antigenicity, it is 

advantageous to react the antigen molecule with the coupling 

agent in the second step. Unfortunately, attempts to produce 

first the BSA-TDIC adduct and subsequently to react it with 

insulin in the second stage were not successfUl. Similarly, 

no coupling had occurred when bovine gamma globulin was reacted 

either in the first stage or in the second stage in the 

conjugation reaction with insuline 

It has been shown in 'the present work that, during 

the conjugation reaction, aIl three amino groups of insulin 

were blocked by TDIC molecules~ Previously, Halikis and 

Arquilla (231) coupled the amino groups of insulin with 

fluorescein isothiocyanate. It was demonstrated by these 

authors that fluorescein insulin-sensitized sheep erythrocytes 

were agglutinated at lower dilutions of antiserum than sheep 

erythrocytes sensitized with crystalline insulin, when tested 

with rabbit antibodies against crystalline insulin in the 
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hemagglutination reaction. However, no immunological 

difference was observed between the fluorescein-insulin 

conjugate and crystalline insulin in cross-inhibition 

experiment ~. It appears, therefore, that substitution of the 

amine groups with large haptenic groups decreased the immuno-

logical reaction presumably through steric hindrance. Thus, 

in the present study, blocking the amine groups of insulin with 

TDIC probably did not impair the immunogenic property of the 

molecule. On the other hand, coupling the amine groups of 

insulin is not without advantage, as it was demonstrated in 

this work that the hormonal activity of insulin was 

dramatically reduced. Therefore. the loss of biological 

activity of insulin in a way simplified the immunization 

process of rabbits, i.e. injection with large doses of insulin­

protein conjugates did not cause death to the immunized 

animaIs. 

The immunogenicity of insulin was greatly enhanced by 

its being covalently coupled to a large carrier protein - BSA. 

This was demonstrated by the ease and readiness in stimulating 

the formation of antibodies specifie to insulin in rabbits~ 

As already mentioned, low molecular weight metabolites, such as 

estrone (201), 5-0H indole acetic acid (202) and serotonin (203), 

which are normal constituents of the animal body, do not induce 

by themselves the formation of specifie antibodies in the host; 

however, upon coupling with appropriate carrier protein, they 

became immunogenic. Thus, in the present study, aside from 
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the increase in molecular.weight, the enhanced immunogenic 

activity of insulin might be attributed to the fact that,under 

these circumstances, it acted as if it were a hapten. 

A highly solubilizing mOlecule, sodium 4-fluoro-

3-nitrobenzene sulphonate, was coupled to aIl free amino groups 

of the insulin molecule;' The antigenic activity in vitro of 

the resulting insulin conjugate was shown to be comparable with 

that of the native insulin~ This may be attributed to the 

fact that the free amino groups of insulin, i.e. the·N-terminal 

glycyl residue of A chain, the N-terminal phenylalanyl residue 

of B chain and the B29 lysyl residue of the B chain, do not 

contribute markedly to the antigenic determinants of the 

insulin molecule with respect to its homologous rabbit anti-

bodies. This result is not unexpected as the insulin used for 

immunization was also blocked with TDIC~ 

It has been demonstrated in the present study that at 

half-saturation with ammonium sulphate solution, at which 98% 

of antibody globulins and the corresponding antibody-antigen 
12.5 

complexes are precipitated, 6.5 - 70% of the l -IN-NBSNa was 

also precipitated. Since for kinetic studies it is essential 

to establish unequivocally the concentrations of the free and 

bound form of the antigen, it was thus decided to abandon the 

study of kinetics of the reaction between insulin and its 

homologous antibodies. Previously, it was shown that poly-D, 

L-alanyl derivatives of a protein, produced by reaction with 

D,L-alanine N-carboxy anhydride, had an increased solubility 
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without rnarkedly impaired enzymic or antigenic properties 

(232-234) • Thus, in, the future, the solubility of insulin in 

half-saturated ammonium sulphate could be increased by couplin~' 

insulin to poly-D,L-alanine of various chain lengths and the 

study of kinetics of the reaction between insulin and its 

hornologous antibodies might be possible; 

The role of disulphide bridges in the insulin 

molecule in maintaining the structure responsible for the 

antigenicity of insulin was investigated. For this purpose, 

the disulphide bonds were reduced electrolytically at!a constant 

cathode voltage. It was shown in this work that the decom-

posi tion potential of insulin in phosphate buffer, pH T~'2, 

ionic strength O'~02, was -1~46 ± 0.05 V vs S.C.E. However, at 

this voltage the reduction was extremely slow and the cathode 

potential was therefore increased to -1.6 V vs S.C.E., where 

the two interchain disulphide bonds behaved indistinguishably, 

and 't'1ere reduced preferentially. On the other hand, the 

intrachain disulphide bond was ruptured only at -2.0 V. 

Obviously, frorn these data it can be concluded that the 

decomposition potential of one of'the two interchain disulphide 

bonds was -1~46 ± 0.05 V vs S.C.E., but it is not possible to 

state which of the two, or if both interchain disulphide bonds 

were reducible at this voltage. As already noted, the 

current-cathode potential curves (figure 46) obtained with a 

large rnercury cathode and with a well-stirred solution, did not 

show the limiting current that is characteristic of the 
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dropping mercury electrode polarograms. Therefore, by using 

the present method, it was difficult to determine whether there 

were three distinct decomposition potentials for the free 

disUlphide bonds present in the insulin molecule~ To this 

end, the dropping mercury electrode polarograms should be 

employed~ 

The extent of the reduction was followed by 

amperometric titration with AgN03 and the SH groups formed were 

immediately stabilized by alkylation under nitrogen atmosphere 

with 20% excess iodoacetic acid. Under these experimental 

conditions, the only unavoidable side reaction, which may occur 

during the electrolytic reduction 'and before the alkylation, 

is the interchange reaction between the SH groups already 

formed and the unreduced disulphide bonds of the insulin 

molecule~ 

When this work was being completed, Markus (154) 

reported the electrolytic reduction of insulin according to the 

method of Dohan and Woodward (219) with slight modification. 

The reduction was carried out in O~l M bicarbonate buffer 

pH 8~5 (with a current of 20 mA and at a potential of 10 V), 

and at OOC two reduction rates were observed. In addition, 

from the behaviour of optical rotation as a function of the 

state of reduction, it was concluded by these authors that 

reduction of the three disulphide bonds did not occur in a 

random sequence, but that cleavage of one out of the three 

bonds was relatively slow and perhaps contingent on the 
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previous reduction of the other tl'J'o. With this method, they 

were able to obtain A chains with 0~6 intracha1n S-S bond 

1ntact. ResUlts of the present work conf1rm the1r finding 

and, at a cathode voltage suff1cient to reduce the intrachain 

disUlphide bond" i t is anticipated that the rate of reduction 

of the two interchain S-S bonds should proceed faster as these 

two S-S bonds are reduced at a less negative potential. At 

approximately the same t1me, Leach et al. (235) reported the 

reduction of insulin in aH-type cell at a constant cathode 

voltage adjusted at pH 2.9 (glycine buffer, cathode potential 

-1.25 V vs S.C.E.), although slow and 1ncomplete reduction 

occurred at lower pH values. More extensive reduction was 

reported to occur at pH 9'~0 (Tris buffer, cathode potential 

-1.2 V vs S.C.E. for l - 2 hours and then ~2.0 V vs S.C.E.) 

and after 18 hours 4 thiol groups were detectable per mole of 

insuline However, these authors did not analyse the products~ 

If the 4 thiol groups had been formed as a result of the 

preferential reduction of the two 1nterchain disulphide bonds, 

their results would have indicated that a cathode voltage more 

negative than -2.0 V vs S.C.E. would be required for the 

reduction of the intrachain d1sulphide. On the other hand, 

results of the present study indicate that at about -2.0 V vs 

S.C.E. the intracha1n disUlphide bond was reduced in phosphate 

buffer pH 7.2, ionic strength 0.02. As already pointed out, 

the decomposition potential 'is pH dependent even for a simple 

disulphide compound such as cystine (see page 180) and the 
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" 
decomposition potential becomes more negative as the pH 

increases.' In addition to pH, the decomposition potential of 

disulphide bond would probably be dependent on the type of 

buffer used.' Previously, Christian et al. (236) showed that 

insulin exhibited a polarographic wave at -0.643 V vs S.C.E. in 

orthophosphate buffer pH 7~4. The potential reported by these 

authors was more positive than that obtained with ordinary 

disulphide groups~ It was thus suggested that the insulin 

wave arised from the reduction of the intrachain disulphide 

bond'~ However, it must be stressed that this argument should 

be regarded as ~rely speculative as Leach et al~ and Christian 

et al~ did not analyse their products of reduction. 

It has been d.emonstrated in the present study that 

the A and B ~hains could be separated. from each other by 

molecular sieve chromatographyon a Sephadex G-75 column under 

mild conditions. The'A(S-S) chain purified by this method 

contained 0~90 - 0.95 S-S bond permole of A chain, which could 

be interpreted as indicating that this A(S-S) chain was 

contaminated with a small amount of B chain and/or a small 

amount of totally reduced A chain. The presence of a small 

amount of B chain might aggregate with A(S-S) chain to reform 

insulin, hence vitiating the results of the test on the anti-

genic activity of the A(S-S) chain. Previously, it was 

demonstrated by Ensinck et al~ (200) that insulin could be 

red.uced into its component A and B chains after incubation of 

insulin with glutathione and. the enzyme glutathione-insulin 
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transhydrogenase iso1ated from a comp1ex with a1bumin, which 

cou1d be separated from the A chain by a simple dia1ysis~ The 

dissociation of the B chain from a1bumin was effected by mere 

heat denaturation or by ion-exchange chromatography on Dowex 50. 

It was thus suggested by these authors that the interaction 

between polypeptide and prote in provides a means of 

solubi1izing the B chain under physio1ogica1 conditions. In 

the present study, it has been demonstrated that a mixture 

containing equa1 amounts of A and B chains did not have any 

inhibitory activity in the hemagg1utination reaction. This 

may be attributed to the fact that the B chains have formed 

complexes with rabbit serum a1bumin, which was present in the 

diluent used for the hemagg1utination reaction. Hence, in 

the present study, to e1iminate comp1exing of A(S-S) chain with 

any contaminating B chain, verona1 buffered saline, pH 7.4, 

ionic strength 0.15, containing 1% normal rabbit serum was used 

for a11 experiments in determining the antigenic activity of 

the A(S-S) chain. The pur~fication by mo1ecu1ar sieve 

chromatography was rather tedious and, in retrospect, one 

shou1d have used isoe1ectric ~ecipitation. 

Ear1ier, Berson and Yalow (152) showed that insu1in­

binding antibodies in the sera of subjects immunized with beef 

and pork insu1ins reacted with insu1ins of four ungu1ate 

species to a different extent, the order of reactivity being 

beef~ sheep > pork > horse. The insu1ins differing in on1y one 

of the AB - A10 residues reacted more a1ike than insu1ins 
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differing in two or more residues~ These results suggested 

that the antigenic site was located within the intrachain 

disulphide region~ Unequivocal support for the conclusion 

that the A chain is the principal site of the antigenicity was 

provided by the studies of Wilson, Dixon, and Wardlaw (i~3). 

Cod and beef insulins were split into their respective A and 

B chains and the corresponding hybrid insulin, i.e. cod A 

chain-beef B chain and beef A chain-cod B chain were 

synthesized~ Cod A chain-beef B chain, like cod insulin 

reacted weakly with guinea pig antibodies to beef insulin, 

whereas beef A chain-cod B chain reacted as strongly as beef 

insulin~ This result indicated that the antigenicity is 

controlled by the A chain" Similarly, in the present 

investigation, it has been shown that an antigenic site is 

located in A6 - AlI region, encompassing the intrachain 

disulphide bond. 

Further reduction of the intrachain disulphide bond 

of the A chain resulted in complete loss of activity. As 

already discussed, at least one antigenic site resides in the 

A chain within the A6 - AlI loop; the non-reactivity of the 

totally reduced A chain may be attributed to the conformational 

change resulting from the rupture of the disulphide bond. In 

fact, from optical rotatory dispersion measurements on the 

A(S-S) chain, Markus (154) concluded that at least sorne 

features of the original conformation of the loop between amino 

acids 6 and Il had been preserved by the intrachain bond and 
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that the totally reduced alkylated A chains are present in 

solution as random coils. Changes in the secondary and 

tertiary structures of the polypeptide chains might lead to 

the masking of the original determinant groups present on the 

surface of the molecule, at the same time exposing new 

antigenic groups on the surface of the molecule. Thus, in 

the studies by Yagi et al~ (155), antibodies were produced in 

guinea pigs against A and B chains of bovine insuline It was 

observed that antibodies against A chain reacted with A chain, 

but not with B chain or native insuline Antibodies against 

B chain reacted stronglY with both B chain and insulin, but 

not with A chain~ Antibodies against insulin reacted 

strongly with insulin, weakly with B chain, and not at all 

with A chain. From these findings it was concluded that the 

anti-insulin antibodies in antisera to the B chain and to 

insulin differed in their specificities inasmuch as they were 

directed against different individual antigenic regions of the 

insulin molecule~ Renee, the non-reactivity of the totally 

reduced A chain, demonstrated in the present study, appears 

to be attributable to the change in its three-dimensional 

conf~guration as a result of the rupture of the intrachain 

disulphide bond. 
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SUMMARY 

The summary is divided into two sections. 

(A) Studies on rabbit antibodies to 
to beef insulin 

(1) Beef crystalline zinc insulin (IN) was coupled to 

bovine serum albumin (BSA) through the formation of 

ureido bonds (R-NH-CO-RI) involving the free amino 

groups ofinsulin and BSA. For this purpose, the 

tolylene-2,4-diisocyanate (TDIC) was coupled to 
o 

insulin at 0 C in borate buffer, pH 9.5, ionic 

strength 0.1. At this temperature, the N=C=O group 

in the para position of the TDIC reacted with the 

free amino group of insuline The IN-TDIC conjugate 

, was subsequently reacted with the free amine group of 
o 

BSA at 37 C; thehigher tempe rature made possible 

the coupling between the N=C=O group in the ortho 

position of the TDIC and the free amine group of BSA. 

(2) Chemical analyses (ninhydrin procedure and phenol 

reagent method) on the insulin-TDIC conjugate 

indicated that the three amino groups of insulin had 

reacted with TDIC and that the phenolic groups of 

insulin were not reacted. Furthermore, the hormonal 

activity of the IN-TDIC conjugate was greatly 

diminished. 
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(3) Evidence for the formation of insulin-BSA conjugate was 

obtained by paper electrophoresis and ultracentrifugal 

analyses. The number of insulin molecules coupled 

per molecule of BSA were determined semi-quantitatively 

by Tiselius electrophoresis analysis. It was 

deduced that, on the average, two molecules of insulin 

were coupled per molecule of BSA; a higher molecular 

weight compound, i.e. (IN-TDIC)3-BSA, was also formed 

to a lesser extent. 

(4) A highly soluble insulin derivative was prepared by 

coupling sodium 4-fluoro-3-nitrobenzene sulphonate 
o 

(FNGSNa) to insulin in 4% Na2C0
3 

at ° C. Chemical 

analyses (ninhydrin procedure and phenol reagent 

method) revealed that three NBSNa residues were 

coupled per insulin mole cule through the reaction 

between FNBSNa and the free amino groups of insuline 

(5) The IN-TDIC-BSA conjugate was used for the immunization 

of rabbits and was shown to elicit the formation of 

antibodies specifie to insuline The specificity of 

these antibodies was demonstrated by the inhibition 

of this reaction in the agar-gel diffusion test and 

by the hemagglutination technique. In addition, 

glucagon, which was the most likely contaminant in 

the insulin sample, was shown to be neither reactive 
( " 

nor to have any inhitibory activity. 
".51 
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(B) Studies on antigenic activities of 
the A and B chains of insulins 

(1) The disulphide bonds of insulin were reduced 

~lectrolytically by the application of controlled 

potential at a mercury cathode. The extent of the 

reduction was followed amperometrically with AgNO;. 

The decomposition potential of insulin observed in 

phosphate buffer, pH 7.2, ionic strength 0.02, was 

-1.4.6 ± 0.05 V vs S.C.Eo At a cathode potential of 

-1.6 V vs S.C.E •• the two interchain disulphide bonds 

behaved indistinguishably and were preferentially 

reduced, and total reduction of ~he three disulphide 

bonds of the insulin mole cule was achieved at a 

cathode voltage of slightly less than -2.0 V vs S.C.E. 

(2) The SH groups formed. during the reduction were 

stabilized by alkylation with iodoacetic acid. 

Evidence for the electrolytic reduction and for the 

preferential reduction was obtained from the results 

of paper electrophoresis, ion-exchange chromatography, 

amine acid analysis, and ultracentrifugal analysis. 

(;) The B chain, totally reduced A chain, and the A chain 

with the intrachain disulphide bond intact were 

purified under mild conditions by molecular sieve 

chromatography. The A chain with the intrachain 

disulphide bond intact thus obtained contained 

0.90 - 0.95 S-S bond per mole of A chain. 
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(4) It was demonstrated by standard immunological 

procedures that the totally reduced A chain and B 

chain were not active, i.e. they did not give a 

precipitation reaction nor did they inhibit the 

reaction between insulin and its homologous rabbit 

antibodies. On the other hand, the A chain with the 

intrachain disulphide bond intact was found to be a 

univalent "fragment, which inhibited the reaction 

between insulin and its homologous rabbit antibodies, 

as demonstrated by the inhibition experiments in 

agar-gel diffusion and hemagglutination reaction. 

This inhibitory activity of the A chain with the 

intrachain disulphide bond intact was inde pendent of 

the presence of the specifie B chain. 

(5) The inhibitory activity of the A(S-S) chain relative to 

that of the original insulin amounted to 7.5 - 10.0% 

in one antiserum. 



- 243 -

CLAIMS TO ORIGINALITY 

1. Insu1in was coup1ed to bovine serum a1bumin through 

the formation of ureido linkage (R-NH-CO-R'), using 

to1y1ene-2,4-diisocyanate as the cross-1inking agent. 

2. The conjugate consistent1y and readi1Y evoked the 

formation of antibodies specifie to insu1in without affecting 

the normal 1ife span or state of hea1th of the immunized 

anima1s. 

3. A soluble insu1in derivative was prepared by coup1ing 

the sodium 4-f1uoro-5-nitrobenzene sulphonate (FNBSNa) to 

insu1in. The conjugate obtained was reactive with respect to 

its homo1ogous rabbit antibodies in vitro. 

4. A simple apparatus was bui1t for e1ectro1ytic 

reduction of insu1in at a constant cathode voltage. 

5. Reduction of a11 three disu1phide bonds of insu1in 

was accompli shed at neutra1 pH and in the absence of denaturing 

agents. 

6. The decomposition potentia1 of insu1in in phosphate 

buffer (pH 7.2, ionic strength 0.02) was -1.46 + 0.05 V vs 

S.C.E. However, at this voltage the reaction was extreme1y 

slow and the reduction potentia1 was, therefore, increased to 

-1.6 V vs S.C.E., where the two interchain disu1phide bonds 
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were reduced indistinguishably.The intrachain disulphide 

bond was ruptured only at -2.0 V vs S.C.E. 

7. The A chain-6,ll-disulphide-7,20-bis-carboxymethyl-

cysteine, prepared by electrolytic reduction, i.e. the A chain 

with intrachain disulphide bond intact, was isolated by 

molecular sieve chromatography and was shown to contain 

0.90 - 0.95 S-S bond per mole of A chain. 

8.. Both B chain and the totally reduced A chain were 

not active with respect to rabbit anti-insulin antibodies. 

The antigenic determinant of the A chain was shown 

to reside between amino acids 6 - Il, i.e. in a site 

encompassing the intrachain S-S bond.. 
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