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Summary. A number of modified insulins were assayed 
for biological activity (increase in synthesis of lipids from 
.glucose) and binding affinity (inhibition of reeeptorbind- 
mg of ~25I-insulin) on rat fat cells and the following was 
found : -- 1. The modified insulins tested showed the same 
maximal effect as native insulin. Decrease in biological 
activit.y induced by modifications was interpreted as de- 
crease m potency. -- 2. Removal of 2 amino acids from 
the amino-terminal end of the B chain caused little or no 
decrease in potency. Removal of 5 amino acids from the 
carboxy-terminal end of the B chain caused a decrease in 
potency to about 17% of that of insulin. Removal of one 
amino acid (glycine) from the amino-terminal end of the 
A chain caused a decrease in potency to about 1%. -- 3. 
Substitutions with acetyl or succinyl residues at position 
A1 had a greater effect on the potency than substitution 
at position B1 or B29. -- 4. Cross linkage between posi- 

tions A1 and B29 caused decreases in potency on fat 
cells to between 2 and 10%. Cross linkage between posi- 
tions A1 and B1 almost abolished biological activity. -- 
5. 9 of the modified insulins were tested for ability to 
inhibit binding of 125I-insulin to fat cell receptor sites. The 
decrease in receptor binding affinity induced by chemical 
modifications was, in all cases, in agreement with the de- 
crease in biological potency. -- 6. I t  is concluded that the 
binding affinity of insulin to the receptor, and therefore 
the potency, is dependent on (1.) a largely unchanged 
tertiary structure of the insulin molecule and (2.) free 
access to the region of the amino-terminal end of the A 
chain. 

Key words: Modified insulins, isolated fat cells, in- 
sulin structure-function relationship, insulin receptor, 
125I-insulin binding. 

One approach to the study of the molecular basis 
of insulin action has been the investigation of the rela- 
tionship between structure and activity of chemically 
or enzymatically modified insulins. During the past 
5 years several modifications of the insulin molecule 
have been carried out and this report describes results 
on modified insulins obtained predominantly from 
Deutsches Wollforschungsinstitut, Aachen. The meth- 
ods of preparation and the chemical characteristics 
have been reported previously by the Aachen group, 
in some cases together with preliminary data on the 
biological activity in vitro, as determined by the isolated 
fat cell assay in our laboratory [1--14]. A summary of 
some of these data has recently appeared in a review 
by Blundell et al. [15]. 

A recent development in the study of the mechan- 
ism of insulin action has been the demonstration of 
specific binding of l~sI-insulin to receptor sites in 
various cell types [16--20] and studies in our labora- 
tory [20] have shown that  isolated fat cells possess re- 
ceptors with a dissociation constant of about 3 nM. 

The present report describes the biological activity 
(intrinsic activity, i.e. the maximal effect produced by 
a modified insulin compared with that  produced by 
insulin, and potency, i.e. the concentration required 
for a modified insulin to produce half of the maximal 
effect as compared to the concentration required for 
insulin) and the receptor binding affinity, on isolated 
rat fat cells, of a number of modified insulins. The aim 

* With the technical assistance of G. Hjeresen and T. 
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of the work has been: 1. To search for parts of the 
insulin molecule responsible for the biological effect by 
determining the necessary requirements for biological 
activity. 2. To evaluate the biological significance of 
the receptor sites by comparing changes in potency 
with changes in binding affinity. 

Material and Methods 

Chemicals 
U-14C-glucose and 2-3H-glucose were obtained from 

the Radiochemical Centre, Amersham. 125I-insulin 
(0.1--0.2 mole I/mole insulin) was prepared by Drs. 
K.H.  Jorgensen and U.D. Larsen, NOVO Research 
Iustitute, at a specific activity of 20--30 mCi/mg. Na- 
tive porcine insulin (10 times crystallized, 25 U/mg) 
was a gift from NOVO. The standard insulin was dis- 
solved in albumin solution (1% in water) and kept 
frozen in small aliquots. Crude collagenase and bovine 
serum albumin were obtained from Sigma. 

The modified insulins were obtained from Deut- 
sches Wollforschungsinstitut, Aachen with the excep- 
tion of des-AlaB3~ A~I insulin, which was kindly 
provided by Dr. E. Arquflla. Table 1 gives the short- 
hand nomenclature used in the text below and Fig. 1 
illustrates the tert iary structure of the insulin mono- 
mer. 

The Isolated Fat Cell Assay 
Isolated fat cells were prepared from epididymal 

and perirenal fat of 100--150 g a d  lib fed, male Wistar 
rats. The method of preparation was as described by 



106 g. Gliemann and S. Gammeltoft: Biological Activity of Modified Insulins 

Gliemann [21] using collagenase 0.5 mg/ml. The in- 
cubations were carried out with low concentrations of 
cells (2--5 txl cells/ml suspension) in order to ensure 
negligible degradation of insulin [20]. The early ex- 
periments were carried out with UA4C-glucose and 
1~C0~ was collected and counted as described [21]. 
Later experiments were carried out using 2-all-glucose 
and the total lipids were extracted by addition of 
scintillation fluid directly to the incubation vial and 
counted as described by Moody et al. [22]. Some 
modified insulins were tested in both systems and the 
results were identical. 

mean value with 95% confidence limits. In  other cases, 
the modified insulins were tested in a maximally sti- 
mulating concentration and in two concentrations 
which gave responses corresponding to the steep slope 
of the insulin standard curve, cf. Fig. 2B. These assays 
were carried out at  least twice on samples which were 
dissolved and diluted separately and the results are 
given as the mean value. The difference between such 
duplicate estimates did not exceed 20%. All potency 
estimates are expressed on a molar basis. 

In  some cases a modified insulin preparation had no 
effect on fat cells, even in a concentration of 10 -s M, 

Table 1. Structure of some modified insulins, nomenclature and abbreviations. Primary structure of bovine insulin is shown on top 

s s | / 

1 2 3 4 5 6 I 8 9 10 11 12 13 14 15 16 17 18 19 J 21 
S S 
I / 
S S 
I I 

P he.Va~.Asn.G~n.His.Leu.Cy.G~y.Ser.His.Leu.Va~.G~u.Ala.Leu.Tyr.Leu.Va~.Cy.Gly.G~u.Arg.Gly.Phe.Phe.Tyr.Thr.Pro.Lys.A~a 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Example 
Insulin analogue 
or derivative 

Modification 

Des -amino A1 
Des-GlyAl-des-PheB 1 
Des-pentapeptide B2r176 
[Leu A1] 
ArgA0 

Amino group of N-terminal Gly AI removed 
N-terminal amino acids of A and B chain removed 
C-terminal peptide Tyr-Thr-Pro-Lys-Ala removed 
Replacement of Gly AI by Leu 
Elongation of A chain at N-terminus by Arg 

A1, Bl-di-Ac 

A1,B1,B29-tri-Suc 

A1-Boc 

B1-PTC 

One or more of the 3 amino groups substituted by monofunetional reagent group 
O 
]1 

Acetyl HaC-- C -- 
O 
IJ 

Suecinyl HOOC-- CI-I 2 -  CH 2 -  C -  
O 
II 

t-Butyloxycarbonyl (CHa)aC--O--C-- 
S 
[ I  

Phenylthiocarbamoyl ~ -- NH--  I~ _ 

A 1 - B 2 9 - S u b  

A1-B1-PBC 

2 Amino groups cross linked with bifunctional reagent 

Suberoyl 

m-phenylene dithioearbamoyl 

O O 
II II 

- -  C- -  (CH2)6-- C- -  
S S 

The biological activity (conversion of U-laC-glucose 
to 14C0~ or incorporation of 2-all-glucose into lipids) 
was estimated in two different ways: In  some cases, 
complete dose-response curves were carried out on 
both a modified insulin and the standard insulin, cf. 
Fig. 2A. The concentration of the modified insulin (in 
mole/l) required to cause half of the maximal effect 
was determined on 4 dose-response curves, each of 
which was determined with 4 replicate values for each 
hormone concentration. The potency was estimated for 
each pair of curves and the results are given as the 

and the results are accordingly given in the tables 
as <0.2~o. None of these preparations assayed in 
higher concentrations because it was difficult to ex- 
clude a minor contamination with native insulin or 
insulin analogue of high potency. 

Est imation of Binding Af f in i ty  

Fat  cells (10 ~l/ml) were incubated, as previously 
described [20], with l~sI-insulin in a concentration of 
7 x 10 -1~ M, either alone or with native insulin in con- 
centrations of 2.3 • 10 -1~ M--7 • 10 -7 M or with 
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modified insulin in appropriate concentrations (el. 
Fig. 3). The ceils were separated from the buffer as 
previously described [23] and counted, together with 
aliquots of the medium, in a well-type y-counter. The 
distribution coefficient Q [ =  l~SI-activity per 1 cells/ 
l*sI-activity per 1 medium] was determined with 8 re- 

Results 

Biological Activities 
Insulins modified by removal or replacement of amino 

acids. Several of the modified insulins were prepared by 
recombination of synthetic or semisynthetie chain 

B3o 

A I  

A II 

BT,cS- , -PQ"-  r,, I - - 4 ^ , , "  ~ "  I I ~ ' - " % B s  

B2 

81 

B2s 

B 14 

A 21 

B 2: 

B 2o 

1 B21 

L , t ~ i  

Fig. 1. The atomic positions in the insulin molecule in a projection perpendicular to the c-axis. From Blundell eta/. 
Nature 231, 506--511 (1971). With the permission of Drs. T. Blundell and G. Dodson 

plicates at each concentration of native or modified 
insulin; the inhibition constant (Ki) for the modified 
insulin was calculated with the non-linear support 
plane confidence limits of the 95% confidence region, 
as described [20]. 

analogues with natural chains, followed by isolation 
from the reaction mixture by  gel filtration and ion 
exchange chromatography. I t  was therefore essential 
to control tha t  insulin recombined from natural A and 
B chains and isolated by  the same procedure was fully 
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Fig. 2A. Dose-response curves for insulin (@-- @) des-pentapept ide B26-30 insulin (A--  A) and des-GlyXl-insulin (m- -  [])  
Each point  represents the mear~ of 4 replicates 3= S.D. The potency of the  modified insulins was est imated as the rat io : 
Concentration of insulin (mole/l) required to cause half-maximal  effect • 100/concentration of modified insulin re- 
quired to cause half-maximal  effect. The figures which appear  in the tables represent the mean of 4 such estimates with 

the 95% confidence l imits 
Fig. 2B. Dose-response curve for insulin @--@ and " two-point"  assays of des-aminom-insulin (A) and A1,BI-di-PTC- 
insulin (O). The modified insulins were incubated in the  concentrations indicated on the abscissa t imes the multiplica- 
t ion factor shown in brackets.  The potency of the modified insulins was est imated as the mean value of the two read- 
ings on the insulin s tandard  curve. The figures which appear  in the tables represent the mean of two such estimates 
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Fig. 3. Inhibi t ion of receptor-binding of 7 • 10 -i~ M i25I- 
insulin (o) by  nat ive insulin (@--@) A1 monoacetyl  insulin 
(A--A)  and des Gly Ai insulin ( m - m ) .  The fat  cells were 
incubated for 45 rain at  37~ with l~I- insul in  7 • 10 -i~ M 
and nat ive  or modified insulin as indicated.  For  experi- 
mental  details and method of calculation, see method sec- 

t ion 

po ten t ,  and  this  was found  to be the  case in  r epea t ed  
exper imen t s  no t  r epo r t ed  here.  

Al l  the  i nves t i ga t ed  insul in  analogues  which showed 
a c t i v i t y  were t e s t ed  in concent ra t ions  of less t h a n  
10 -s M, among  which  four  examples  (despen tapep t ide  
~ - 3 0  insulin,  des-Gly  A1 insulin,  des-amino B1 insul in  
and  A1, B 1 , -d i -phenyl th iocarbamoyl  insulin),  are  shown 
in Fig.  2A and  B, exe r t ed  the  same m a x i m a l  effect on 
glucose me tabo l i sm as na t ive  insulin.  Fig .  2A shows 
t h a t  the  dose-response curves for de spe n t a pe p t i de  ~6-3~ 
and  des-Gly  A1 insul in were para l l e l  to  t h a t  of insulin,  a 
phenomenon  which  was also shared  b y  al l  o ther  ac t ive  
modif ied  insul ins  tes ted .  Fu r the rmore ,  in exper iments  
no t  shown here,  incuba t ions  were car r ied  out  wi th  
na t i ve  insul in  plus  a modif ied  insul in  wi th  a po t ency  
of 12% of t h a t  of insul in  (A1-B29 dodecoyl  insulin, cf. 
Tab le  5), bo th  p resen t  in  s u b m a x i m a l l y  s t imula t ing  
concentra t ions .  The effect of the  modif ied  and  the  
na t ive  insul in  toge the r  was equal  to  the  sum of the  
effects in paral le l ,  s epa ra te  incuba t ions  (addi t ive  
effect). The  lower biological  a c t i v i t y  of th is  analogue,  
compared  to  t h a t  of insulin,  could therefore  be ex- 
p l a ined  as a decrease in po tency .  F ina l ly ,  none  of the  
modif ied  insulins which  were inac t ive  in  a concentra-  
t ion  of l0  -s hi, i.e. w i th  ac t iv i t ies  of less t h a n  0.2~0 of 
t h a t  of insulin,  i nh ib i t ed  the  ac t ion  of insul in (5 • 
10 -11 NI) when presen t  in  a concen t ra t ion  of 10 -s M. 

Table  2 summar izes  the  resul ts  of removing  or  
rep lac ing  some amino  acids.  Des-Ala  B3~ insul in is ful ly 
b io logica l ly  ac t ive  as shown before [24]. l~emoval  of 
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5 amino acids from the carboxy-terminal  end of the 
B chain still leaves about  17% of the potency of native 
insulin, whereas desoetapeptide s~3-8~ insulin has a 
potency of less than  0.2%. Bromer and Chance [25] 
reported tha t  desoctapeptide insulin was less than 1% 
active, whereas Freychet,  l%oth and Neville [26] found 
it about  1.5% active on fat  cells. Katsoyannis  et al. [27] 
found bovine destripeptide B2s-a~ insulin fully active in 
the mouse convulsion assay. I t  also appears from 
Table 2 tha t  removal  of the amino group from Phe m 
as well as complete removal  of the Phe m or Phe m plus 
Val s~ has little effect on the potency. Weitzel et al. [28] 

Table 2. Effect of removal or replacement of some amino 
acids 

Modified insulin Reference Potency, % of in- 
sulin (95% confi- 
dence limits or 
mean of 2 assays, 
cf. Fig. 2A and B) 

Des-Ala TM [32] 91 -- 105 
Des-amino m [13] 75 
Des-Phe m [2] 78-- 102 
Des.Phem.des.ValB~ c 75 
Des-pentapeptide B~6-80 [12]a 15-- 18 
Des octapeptide B~3-ao [33] < 0.2 
Des-amino A1 [8] 15 
Des-Gly A1 [8] a 0.7-- 1.2 
Dcs-Gly A~ [15] b 0.4-- 0.6 
Des-GlyAl-des-Phe m [i, 8] 2 
Des-GlyAl-des IleA2-des- 

Phem-des-Val B2 [8] < 0.2 
[Leu AI] [13] 16 
[Glu All [ 13] 8.9 
[Lys All [13] 3.6 
[Pro All [13] 2.1 
[Val All [ 13] 1.9 -- 2.2 
Des-AlaB3~ A~I [29] e 2.5-- 3.3 

a Via chain combination with semisynthctic des-Gly- 
A-chain. 

b Via chain combination with synthetic des-Gly-A- 
chain. 

c Prepared by D. Brandenburg. 
d Prepared by H.G. Gattner. 
e Prepared by E. Arquilla. 
For experimental details and methods of calculation, 

see method section and text to Fig. 2. 

have prepared a synthetic B chain analogue where the 
Gln m, SerBg, and Thr B~7 were replaced with alanine 
and where the following amino acids were removed: 
Phe m, Val B2, Asn Ba and Ala B30, LysB29, ProB2S. This 
chain was combined with natural A chain and the 
unfractionated combination product appeared fully 
active in the mouse convulsion assay when compared 
with the combination product of the native insulin 
chains. However, removal of the amino acid in position 
B4 from this analogue caused a decrease in activity to 
less than 10%. 

Replacement of the Gly .1 by  an acetyl residue (des- 
amino A1) reduced the potency to 15% of tha t  of in- 
sulin. Replacement of glycine with leueine had a similar 
effect, whereas the analogue in which glycine is re- 
placed by  valine or proline retained only about  2% of 

the potency of insulin. Removal  of the Gly A1 caused a 
decrease in potency to about  1% of tha t  of insulin. 
Removal  of the two N-terminal  amino acids from both 
the A chain and the B chain had a similar effect. Re- 
moval of the Ala B3~ plus Ash A21 caused a decrease in 
potency to about  3~o (Table 2). Weitzel and coworkers 
[29--31] have previously reported very low biological 
act ivi ty of unfractionated combination products of 
natural  B chain and A chain analogues in which Gly A1 
was either lacking or replaced with alanine. Slobin and 
Carpenter [32] and Freychet,  Roth  and Neville [26] 
have found tha t  des-AlaB3~ ~1 exhibits a 
potency in  rive and on isolated fat  cells, respectively, 
which is only a few per cent of that of insulin. 

In some experiments the 8H-lipids were saponified 
and it was found that concentrations of insulin, des- 
amino AI insulin and des-glycine nl insulin, with the same 
submaximal effect on the incorporation of 2-3H-glucose 
into total lipids, also exhibited identical effects on the 
incorporation into the fatty acids and the glyceride 
moieties of the triglycerides (data not shown). 

Table 3. Effects of elongation of the chains 

•162 insulin Reference Potency, ~o of 
insulin 

Arg A~ [5] 40-- 49 
Lys A-~-Arg A~ [7] 17-- 21 
Gly B~ [ 13] 49 
Leu B~ [13] 68 
Lys B~ [13] 43 

These effects of removal or replacement of amino 
acids (Table 2) agree fairly well with the changes in 
circular dichroism spectra where the similarity to in- 
sulin, as it  appears from the ratio 0 208/0 222, follows 
the order: Ins ~ des-Ala B3~ ~ des-Phem > des B26-~0 ~ 
des-Gly .1 ~ [ L e u  All > [Val *~] > des B~3-3~ ([15], Woll- 
mer, personal communication). 

Chain elongation. Table 3 shows tha t  addition of ar- 
ginine to the N-terminal  end of the A chain reduced 
the potency to about  45% and addition of both  
arginine and lysine (LysA-~-Arg A~ caused a decline in 
the potency to 20%. The circular dichroism spectra of 
ArgA0 and Lys*-l-Arg x~ insulin are very similar (Woll- 
mer, personal communication). Arginine and lysine are 
the first two amino acids of the C-peptide of proinsulin, 
which in its single chain form has a potency on fat  cells 
of about  3% of tha t  of insulin [33]. Addition of leucine, 
glycine or lysine to the N-terminal  end of the B chain 
has less effect on the potency (Table 3). 

Various substitutions. Table 4 summarizes the re- 
sults. Substitution with aeetyl residues (N-acetylation) 
in the B1 or B29 position had little effect whereas sub- 
sti tution at  the Ai  position caused a decrease in 
potency to between one third and half of tha t  of in- 
sulin. Similarly, the circular diehroism spectrum for 
B29-Ac-insulin has been found almost identical with 
tha t  of insulin, whereas A1-Ac-insulin is ra ther  different 

niabetologia, Vol. 10 8 
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[10]. The potency of A1,]329-di-Gly-insulin is similar 
to tha t  of A1,]329-di-Ac-insulin. Substi tution with 
suecinyl residues produces a similar 'pa t te rn '  in 100- 
tency as substitution with acetyl residues, but  the 
effect of the larger succinyl residue at  the A1 position 
is more pronounced. Lindsay and Shall [34] found 
both di- and tr iacetylated insulins fully potent  in the 
mouse convulsion assay, whereas Massaglia et al. [35] 
found reduced activities in the ra t  epididymal fa t  pad 
assay. The acetylated derivatives described here have 
also been tested for the abili ty to decrease blood sugar 
in rats  and they could not be distinguished from in- 
sulin [10]. 

I t  further appears from Table 4 tha t  substitution at  
]31 or ]329 with phenylthiocarbamoyl (PTC) and butyl- 
oxycarbonyl (Boc) derivatives caused relatively little 
decrease in potency, whereas substitution at  A1 caused 
a marked decrease. Substitution at  the A1 and ]329 
positions with t ryptophyl  (Trp) residues had a similar 
effect as substitution with acetyl or glycyl residues, 
whereas substitution with A1, ]329-di (]3oc-Trp) caused 
a pronounced decrease in the potency. Arquilla, ]3ro- 
mer and Mereola [36] have previously observed tha t  sub- 
sti tution at  position ]31 with fluorcscein isothiocyanate 
had a moderate effect on the act ivi ty  in vivo, whereas 
substitution at  both ]31 and A1 had a more pronounced 
effect. 

Finally it is seen tha t  replacement of Phe B1 with 
p-iodophenylalanine caused only a moderate decline in 
potency. This chemically well defined monoiodoinsulin 
might be suitable for studies on insulin-receptor bind- 
ing when 1'5I is used in the synthesis. 

Intramolecular cross linkages. Table 5 summarizes 
the results of the potencies of insulin intramolecularly 
cross linked with a dicarboxylic acid between A1 and 
]329 and between A1 and B1. The distance between the 
A1 and ]329 amino groups of crystalline insulin is 8- -  10 
A [37], which is about  the same as the length of the 
suberic acid chain. The circular dichroism spectrum of 
the analogue cross linked with suberic acid is virtually 
identical with A1,]329 diacetyl insulin [12]. The cir- 
cular dichroism spectrum of diaminosuberoyl insulin 
resembles even more tha t  of insulin and it also crystal- 
lizes as insulin (Brandenburg, personal communica- 
tion). However, the potency on fat  cells of these 
analogues is only about  5% of tha t  of insulin. This is in 
contrast  to results obtained on rats in vivo (fall in 
blood sugar) where the suberoyl and azelaoyl insulins 
appear  to be fully potent  [12]. I t  appears from Table 5 
tha t  the potency tended to be higher for the modified 
insulins with long chain cross linkages. Lindsay re- 
cently prepared A1-]329 succinyl insulin [38] and 
found it  60% active in vivo (blood sugar depressing 
effect in rabbits). 

Cross linkage between A1 and ]31, which in the 
crystal are about  20 /~ apart ,  causes a marked de- 
crease in the potency on isolated fat  cells which is in 
agreement with results obtained in vivo and with the 
marked changes in the circular dichroism spectrum of 

m-phenylene dithiocarbamoyl insulin [12]. However, 
the spectral changes are only moderate for A1-B1 
undeeoyl and A1-]31 dodecoyl insulin [12]. 

Table 4. Effects of various substitutions of the insulin mole- 
cule 

Modified insulin Reference Potency, ~o of 
insulin 

B1-Ac c 75 
B29-Ac [10] 75 
B1,B29-di-Ac c 85 
A1-Ae [10] 35--40 
A1,Bl-di-Ac c 32 
A1, B29-di-Ac [10] 26-- 32 
A1,B1,B29-tri Ac [10] 20--29 
A1, B29-di-Gly a 28 
B1-Suc c 81 
B29-Suc c 75 
B 1, B29-di-Suc c 47 
A1-Suc c 13--15 
A1,Bl-di-Suc c 14 
A1,B1,B29-tri-Suc c 6--8 
B1-PTC [2] 71 
A1,B1-PTC [2] 16 
A1-Boc [ 13] a 21 -- 29 
A1-Boe [13] b 21-- 30 
B29-Boc [13] 44-- 55 
A1,B29-di Trp d 33--41 
A1,B29-di (Boc-Trp) d 6--8 
[p-iodophenylalanine m] [6] 62-- 73 

a Via substitution 
b Via chain combination 
c H.G. Gattner, unpublished 
d D. Brandenburg, unpublished. 

Table 5. Effect of intramolecular cross linkages 

No. of Modified insulin Reference Potency, % 
carbons (A1-B29 cross linkage) of insulin 
Ce Oxaloyl [12] 2.6-- 4.8 
Ca Succinyl [12] 2.0-- 3.4 
C 5 Glutaryl [ 12] 4.0 -- 6.1 
C 6 Adipoyl [11] 4.8--5.6 
C~ Pirneloyl [12] 6.6--8.2 
C s Suberoyl [12] 1.9--7.1 a 
C s Des-Phe m suberoyl [12] 7.1 
C9 Azelaoyl [12] 8.9-- 12.0 
C10 Sebacoyl [12] 8.0-- 12.0 
C11 Undecoyl [12] 11 -- 14 
C1~ Dodecoyl [12] 10-- 13 
C13 Tridecoyl [12] 7-- 10 

Cystinyl [ 12] 2.3 -- 3.1 
Diaminosuberoyl b 3.6-- 5.2 
m-phenylene dithio- 
carbamoyl-(B1-PTC) [8] 1.3-- 1.8 
Modified insulin 
(A1-B1 cross linkage): 

Cli Undecoyl [12] 0.7 -- 1.3 
C12 Dodecoyl [12] 0.5--0.7 

m-phenylene dithio- 
carbamoyl [8] 1.0-- 1.4 

a Range obtained with 3 preparations. 
b Schermutzki and Brandenburg, unpublished. 

Inlermolecular linkages. The potency of a dimer 
with a m-phenylene-dithioearbamoyl bridge between 
the ]31 phenylalanincs of two molecules is on a molar 
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basis about 38% of that  of insulin (cf. Table 6). A 
trimer with m-phenylene-dithiocarbamoyl bridges be- 
tween B1-B'I and A ' I -B" I  is about 16% active on fat 
cells (data not shown). 

Binding affinities to fat cell receptor sites. The ability 
of modified insulins in increasing concentrations to 
inhibit the binding of 125I-insulin at  equilibrium was 
studied in order to estimate their binding affinity. 
Fig. 3 shows the binding curves for 125I-insulin in the 
presence of either native insulin, Al-monoacetyl in- 
sulin or des-GlyAMnsulin. The finding of parallel in- 
hibition curves suggested a simple competitive inhibi- 
tion. Table 6 shows the inhibition constants for 9 
different modified insulins and it appears tha t  the 
binding affinities in per cent of that  of native insulin 
are in agreement with the relative biological potencies. 

to liver cell membranes and potencies on isolated 
fat cells for proinsulin, des-AlaBS~ 
and des-oetapcptidem3-a~ Recently, Freyehet,  
Brandenburg and Wollmer [39] studied the binding 
affinities to liver cell membranes of acetylinsulins, 
B1-B1 m-phenylene-dithioearbamoyl dimer, A1-B29 
cross linked derivatives and A1-B1 cross linked deriva- 
tives. The results are in agreement with the binding 
affinities and/or the biological potencies cited in the 
present report. All of the materials cited above had 
binding affinities and potencies which were similar to 
or lower than that  of insulin. However, turkey insulin, 
which has been reported to be more potent  in rat  fat  
cells than bovine insulin [40], also exhibits increased 
binding affinity to fat  cell receptors (Gammeltoft and 
Gliemann, unpublished observation). 

Table 6. The binding affinities of modified insulins to fat cells 

~odified insulin and control native Ki in nM (with 95% con- Binding affinity, % of insulin 
insulin from same experiment fidenee limits) (mean) 
Des Phe m 5.4 (4.2--7.0) 70% 
Insulin control 3.7 (2.2--6.6) 
Al-monoacetyl 13.8 (9.8-- 19.3) 25O/o 
Insulin control 3.4 (2.5--4.8) 
A1,B29-diacetyl 12.2 (3.4--39.4) 23% 
Insulin control 2.8 (1.8--5.3) 
Des Gly A1 394 (181-- 1032) 0.6% 
Insulin control 2.4 (1.3--4.5) 
[Leu A1] 31.9 (22.9--43.8) 13% 
Insulin control 4.1 (2.9--6.1) 
A1-B29-suberoyl 137 (82.9--211) 2.5% 
Insulin control 3.4 (2.1--5.8) 
A1-B29-dodecoyl 25.9 (16.7--39.2) 10.9% 
Insulin control 2.8 (1.6--5.3) 
B1-B1 PBC dimer 5.8 (4.4--7.7) 42% 
Insulin control 2.4 (1.9--3.2) 
Despentapeptide B 2s-a~ 24.4 (15.7--37.6) 14.2% 
Insulin control 3.4 (1.7--7.1) 

Biological potency, 
% of insulin 
7s-102% 

35-40% 

26--32% 

0.4-0.8% 

14-18% 

1.9--7.1% 

10-13% 

34--40% 

15-18% 

Discussion 

The modified insulins with demonstrable biological 
activity showed the same maximal activity as insulin 
(i.e. full intrinsic activity) and their log dose-response 
curves appeared parallel to tha t  of insulin. Further- 
more, additive effects were observed for A1-B29 dode- 
coyl insulin and native insulin, both present in sub- 
maximally stimulating concentrations, and none of the 
modified insulins which were inactive in a concentra- 
tion of 10 -s ~ were able to block the effect of insulin in 
low concentrations. Finally the relative potencies were 
in agreement with the relative binding affinities. Taken 
together, these findings suggest tha t  the mechanism 
through which a modification of the insulin molecule 
may  lead to a decrease in biological activity is that  the 
affinity for the receptors is decreased whereas the com- 
plex of modified insulin and receptor exhibits full 
activity. Agreement between the binding affinity and 
the potency of pro-insulin and of desoctapeptide B2a-30. 

insulin on fat cells was previously found in this la- 
boratory [20]. Freychet, Roth and Neville [26] have 
previously shown agreement between binding affinities 

The search for biologically essential parts of the 
insulin molecule has been hampered by  the fact that  
successive removal of amino acids from the A and B 
chains is accompanied by marked changes in circular 
dichroism spectra as a sign of changes in the conforma- 
tion of the remaining part  of the molecule. I t  is there- 
fore impossible to know from this type of study 
whether a particular amino acid is directly involved in 
the interaction with the receptor or whether it  is 
essential for the conformation of the whole molecule. 
Our knowledge from the present work and from the 
work of other groups, with respect to effects of removal 
of amino acids, may be summarized as follows: a. car- 
boxy-terminal end of the B chain: removal of 3 amino 
acids has little effect [27], removal of 5 amino acids 
causes a quite marked change in circular dichroism 
spectrum [12] and leaves about 17% of the potency on 
fat cells, whereas removal of 8 amino acids causes a 
marked change in conformation and a decrease to less 
than 0.2% activity, b. carboxy-terminal end of the A 
chain: removal of one amino acid (Asn) causes a quite 
marked change in conformation and a decrease in 
potency to a few per cent [32, 26]. c. amino-terminal 
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end of the B chain: removal  of one amino acid has no 
effect on activity and circular dichroism spectrum; re- 
moval  of 4 amino acids appears to leave a nearly 
inactive product [28]; this analogue was not isolated 
and there is therefore no information on conformation. 
d. amino-terminal end of the A chain: removal  of one 
amino acid (Gly) causes a marked change in conforma- 
tion [8] and an almost complete abolition of potency on 
fat  cells. 

Substitution of Gly A1 with acetyl or succinyl re- 
sidues caused a decline in potency on fat  cells to about  
40% and about  15%, respectively, whereas substitu- 
tion at  B1 or ]329 had much less effect. LysX-l-Arg A~ 
insulin was only about  20% potent  and the replace- 
ment  of Gly A1 with valine or proline caused a drop in 
potency to about 2% of tha t  of insulin. I t  is of interest 
in this connection tha t  split chain proinsulin with the 
connecting peptide at tached to the N-terminal  end of 
the A chain (A1) is about  7% (or less) potent,  whereas 
split chain proinsulin with the connecting peptide 
at tached to the carboxyl end of the B chain (B30) is 
about  40% potent  (Gliemann, Gammeltoft  and Steiner, 
unpublished observation). These results stress the 
importance of the glycine A1 residue which is located 
on the surface of an insulin molecule in crystalline 
state [37]. Arquilla, Bromer and Mercola [36] studied 
the reactivity to different pools of antibodies of mono 
(B 1) and di (A1, B 1) substi tuted fluorescein insulin and 
concluded tha t  only the disubstituted derivative, which 
also showed a marked decrease in act ivi ty  in rive, had 
undergone marked changes in conformation. The re- 
sults cited above, therefore, agree fairly well with 
the conclusion reached by  Arquilla, Bromer and Mer- 
cola on the basis of studies on insulin substi tuted with 
fluoreseein, iodinated insulin, des-Ala~8~ x2~- 
insulin and desoctapeptide insulin: Any change in con- 
formation results in a proportionate decrease of biolo- 
gic activity. 

On the other hand, the biological activities on fat  
cells of A1, B29 diacetyl insulin and A1, B29 suberoyl 
insulin are markedly different (30% versus 3%) in 
spite of almost identical circular dichroism spectra [12]. 
The potency of diaminosuberoyl insulin is also reduced 
to a few per cent even though this derivative is physi- 
cally very similar to insulin. This suggests tha t  the 
cross linking affects a biologically important  par t  with- 
out causing major  changes in the conformation of the 
molecule. I t  has been pointed out tha t  the identi ty be- 
tween the circular dichroism spectra of A1,B29 dia- 
cetyl insulin and A1, B29 suberoyl insulin suggests tha t  
the ter t iary structure of insulin in solution is similar to 
tha t  in crystalline state [12]. I t  is a reasonable sug- 
gestion, therefore, tha t  the region of the Gly A~ residue 
is located a t  the surface of the molecule also in solution 
and tha t  i t  might  participate in the interaction with 
the receptors of the target  cells. The effect of A1,B29 
cross linking m a y  be due to either a spatial fixation or 
to a shielding of the GlyAl-region, marking it unsuit- 
able for interaction with receptors. 

I t  seems puzzling tha t  the A1,B29 suberoyl and 
azelaoyl insulins appear to be fully active in vivo [12], 
whereas their potency on fat  cells (Table 5), their 
binding affinity to fat  cells (Table 6) and their binding 
affinity to liver cell membranes [40] are reduced to 
2 - -10% of tha t  of insulin. However, we have observed 
tha t  suberoyl insulin is degraded more slowly than  
insulin by  concentrated fat  cell suspensions (Gliemann 
and Gammeltoft ,  unpublished observation). I t  has 
also been found recently tha t  the half life in dogs of 
A1-B29 cross linked derivatives is considerably longer 
than  tha t  of insulin (Jones and SSnksen, personal com- 
munication). A slower rate of degradation in vivo may  
therefore explain the apparent  discrepancy between the 
potency in vitro and in rive. 
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