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I . INTRODUCTION

A. Purpose of the Investigation

The significance of insulin in the treatment of dia­
betes and its primary role in protein studies are well doc 
cumented (1,2,3). With the structure of insulin known (4, 
5,6), Figure 1, and the chemical synthesis well worked out 
(3,7), the goal remains to determine the relationship be­
tween insulin's structure and its physiological function. 
By making various synthetic insulin analogues and then 
studying their biological activity it is hoppd that a pat­
tern will evolve elucidating this relationship. The possi 
bility exists that insulin analogues may be produced with 
more desirable properties (e.g. higher specific acitivity, 
longer acting, etc.), than the natural insulin.

Therefore, the present investigation has the follow­
ing purposes:

1. To chemically synthesize different insulin ana­
logues .

2. To evaluate the letter's biological activity and
3. To draw preliminary conclusions regarding the 

structure-activity relationship of insulin.
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B. Approach to the Problem

1. Nomenclature
The nomenclature used in this work is based essential­

ly on the rules given in E. Schrdder and K. Lttbke (8 ). The 
amino acid sequence of the sheep insulin molecule has been 
numbered, starting at the N-terminus as shown in Figure 1.
In the discussion which follows, these numbers will be used
when reference is made to a particular sequence of amino

1-21acids in the insulin molecule. Thus, A means a peptide
having the amino acid sequence of the A chain of sheep in-

1-9sulin. Similarly, B represents a peptide derivative 
containing the first nine amino acids from the N-terminus 
of the B chain.

2. Materials and Methods
In this investigation only the L-isomers of commer­

cially available amino acids were used. All melting points 
were determined with a Capillary Melting Point Apparatus 
and are uncorrected. For paper chromatography the protect­
ed peptides were deblocked on exposure to 2N HBr in acetic 
acid. Serine containing peptides were deblocked by treat­
ment with HBr in TFA. For paper chromatography Whatman
No. 1 paper was used: R ^ 1 values refer to the Partridge (9)

2system; R^ values refer to the system (1 0 ) 1 -butanol-pyri- 
dine-acetic acid-water (30:20:6:24) and are expressed as 
a multiple of the distance traveled by a histidine marker.



The chromatograms were developed with ninhydrin spray or 
by developing the Pauly (11) color reaction depending on 
the nature of the peptides. Thin layer electrophoresis as 
described by Tometsko and Delihas (12) was performed with 
a Wieland-Pfleiderer pherograph (Brinkman Instruments). 
Preswollen microgranular CM-cellulose (Whatman CM 52/1) as 
well as G-15 and G-50 Sephadex (Pharmacia Uppsala) were 
used in this investigation. Washing of these resins and 
preparation of the corresponding columns are described in 
detail by Katsoyannis et al. (13,14). Monitoring of column 
effluents was done with a Gilford recording spectrophoto­
meter at 278 m p .

Optical rotations were taken with a Zeiss photoelectric 
precision polarimeter. T^e elemental analyses were per­
formed by a commercial laboratory. The amino acid analy­
ses of acid hydrolysates were carried out by the method of 
Spackman, Stein and Moore (15) with a Beckman-Spinco amino 
acid analyzer. Model 120C . Enzymatic analyses were carried 
out with LAP according to the method of Hill and Smith (16) 
using a crystalline enzyme (Worthington) , and with APM 
(Henley and Co.) according to the method of Pfleiderer et 
al. (17) . For taking infrared spectra 1 mg of sample was 
thoroughly mixed with 250 mg of KBr and converted to a 
pellet under 18,000 pounds of total load pressure with a 
Carver laboratory press. Model B. The infrared spectrum 
was taken with a Perkin-Elmer 457.



The S-sulfonated A and B chains (A-SSO^ and B-SSO^) of 
bovine or porcine insulin were obtained by sodium sulfite, 
sodium tetrathionate sulfitolysis of insulin as outlined 
in Katsoyannis et al_. (18).

All insulins synthesized throughout this investigation 
were made by interaction of the sulfhydryl form of the spe­
cific A chain with B-SSO^ as described by Katsoyannis and 
Tometsko (19). Recovery of the insulin analogues from the 
combination mixtures followed exactly the procedures out­
lined by Katsoyannis et al_. (14,20). Biological assays were 
carried out by the mouse convulsion method (19).

Protein determination was performed by the method of 
Lowry et al. (21) .

Bovine and porcine insulins were kindly and generously 
supplied by the Eli Lilly Company.

C. Synthesis of the A Chain Analogues

1. Deamino Sheep A Chain S-Sulfonate (lb)
The protected sheep A chain lacking the N-terminal ami­

no group (I) (Chart I) was made by decarbobenzoxylating 
the known heptadecapeptide (13) , N-carbobenzoxy-L-glutami- 
nyl-S-benzy1-L-cysteinyl-S-benzyl-L-cysteinyl-L-alanyl- 
glycyl-L-valyl-S-benzy1-L-cysteinyl-L-seryl-L-leucyl-L- 
tyrosyl-L-glutaminyl-L-leucyl-L-glutamyl-L-asparaginyl-L- 
tyrosyl-S-benzyl-L-cysteinyl-L-asparagine p-nitrobenzyl
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ester (II) with HBr in TFA, and coupling the ensuing pro­
duct III with an excess of the azide tripeptide N-acetyl- 
L-isoleucyl-L-valyl-Y-t-butyl-L-glutamic acid azide (IVd). 
The latter azide (IVd) was made from a series of reactions 
starting with the tripeptide (22), N-carbobenzoxy-L-iso- 
leucyl-L-valyl-L-glutamic acid-a-ethyl-y-t-butyl ester 
(IV), as shown in Chart I. The formation of N-acetyl-L- 
isoleucyl-L-valyl-L-glutamic acid-a-ethyl-y-t-butyl ester 
(IVb) by decarbobenzoxylating IV via hydrogenation, fol­
lowed by treatment with acetic anhydride, was carried out 
under conditions known to give the optically pure product 
(23) . The desired product lb was obtained from I accord­
ing to the usual procedures, i.e. deprotection by TFA and 
sodium in anhydrous liquid ammonia (24) , followed by sul- 
fitolysis with sodium sulfite and sodium tetrathionate 
(13). The over-all reaction sequence and the yield at each 
synthetic step are shown in Chart I. Amino acid analysis 
of an acid hydrolysate of the synthetic material lb gave 
a composition in molar ratios in excellent agreement with 
the theoretically expected values, Table I. Thin layer 
electrophoresis at two pH values gave a single Pauly-posi­
tive spot, indicative of the presence of a single compo­
nent .

1-42. Destetrapeptide A Sheep and Porcine (Human) A Chain
S-Sulfonates (Ila and Va, respectively)



TABLE I: Amino Acid Composition3 of the Deamino Sheep A
Chain S-Sulfonate

Amino Acid Theory Found

Aspartic acid 2 2 . 0

Serine 1 0.9
Glutamic acid 4 4.0
Glycine 1 1 . 0

Alanine 1 1 . 0

Valine 2 1.7
Isoleucine 1 0.7
Leucine 2 2 . 0

Tyrosine 2 1 . 8

Cysteine 4 b

a. Number of amino acid residues per molecule.
b. Not determined.



Ila and Va were obtained from the known protected 
heptadecapeptides II and V, respectively (13,25) by so­
dium in anhydrous liquid ammonia treatment followed by 
sulfitolysis and purification on c-50 Sephadex as shown 
in Chart II. Amino acid analyses of acid hydrolysates 
and of LAP digests of the synthetic materials Ila and Va 
gave a composition in molar ratios in excellent agree­
ment with the theoretically expected values. Tables II 
and III, respectively.

Thin layer electrophoresis at two pH values gave a 
single Pauly-positive spot for both Ila and Va, indica­
tive of the presence of a single component.

D. Synthesis of the B Chain Analogue

28 — 301. Synthesis of the pestripeptide B______ Bovine B Chain
S-flulfonate

28 — 30The destripeptide B chain was prepared by reduc­
tion of beef insulin with sodium in liquid ammonia, follow­
ed by oxidative sulfitolysis with sodium sulfite and sodium 
tetrathionate. The B-SSO^ derivative was isolated from 
the reaction mixture by continuous flow electrophoresis as 
described by Katsoyannis et al^ (18) . Further purification
was obtained by column chromatography in 8M urea on CM-cel-

28—30lulose. Amino acid analysis of the destripeptide B
chain after acid hydrolysis gave a composition expressed in
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TABLE II: Amino Acid Composition3 of the Destetrapeptide A "̂*4 Sheep A Chain S-
Sulfonate

Amino Acid
Acid Hydrolysis Enzymatic Hydrolysis (LAP)

Theory Found Theory Found

Aspartic acid 2 1.9
Glutamine 2 Emerge at the same
Asparagine 2 J  position; not determi;
Serine 1 0.9 1 1.0b
Glutamic acid 3 3.1 1 1.1
Glycine 1 1.0 1 1.0
Alanine 1 1.0 1 1.0
Valine 1 1.0 1 1.0
Leucine 2 2.0 2 2,1
Tyrosine 2 1.9 2 2.0
Cysteine 4 d
S-Sulfocysteine 4 4.0C

a. Humber of amino acid residues per molecule.
b. Separated from glutamine and asparagine in a 30° chromatographic run.
c. Eluted from the long column of the Beckman-Spinco analyzer after 26 ml of effluent.
d. Not determined.



TABIE III: Amino Acid 
Sulfonate

Composition of rhe Deste 1 -4trapeptide A* Human A Cnain S-

Acid Hydrolysis Enzynatic Hydrolysis (LAP)
Aninc Acid A  Q  * ^ ^ Theory Found

Aspartic acid 2 1.9
Glutamine 2 } Emerge at the same
Asparagine 2 J position; not determi:
Serine 2 1.3 2 1.9b
Threonine 1 0.9 1 1.0
Glutamic Acid 3 3.0 1 1.0
T eo1euc’re 1 1.0 1 1.0
Leuc ine 2 2.0 2 2.0

r>* ' T*.o 2 1.9 2 2.0
Cysteine 4 d
S-Sulfocysteine 4 4.2C

a. dumber of anino acid residues per molecule.
b. Separated fron glutamine and asparagine in a 30c chromatographic run,
c. Eluted from the long column of the Becknan-Spinco analyzer after 26 ml effluent



13.

molar ratios in good agreement to the theoretically expect­
ed values for the natural B-SSO^ except that one residue 
each of thr, pro, lys and ala was missing. Table IV. Pre­
vious studies (26,27,28) using reducing conditions of so­
dium in anhydrous liquid ammonia, as used above, have 
shown that the tripeptide pro-lys-ala is cleaved from the 
C-terminal end of the B chain, and at the same time the 
adjacent threonine is chemically altered so that it does 
not show up in the amino acid analysis.

A single Pauly-positive spot was obtained with the 
28—30destripeptide B chain on thin layer electrophoresis

at pH 10, indicative of a single component. A comparison 
of this B-SSO^ derivative with the natural bovine B-SSO^ 
showed: very little difference in chromatographic pattern
in 8 M urea on CM-cellulose, Figure 2; identical thin lay­
er electrophoresis mobility in NH^HCO^ buffer, pH 10; and 
similar infrared patterns.

£. Synthesis, Isolation and Characterization 
of the Insulin Analogues

1. General Procedure
The detailed procedures for the synthesis, isolation, 

and characterization of insulin described by Katsoyannis 
et al. (14,20) were used unchanged for the insulin analogues.
Briefly, the mercaptoethanol reduced A chain, in excess, was



TABLE IV: Amino Acid Compositiona of the S-Sulfonated
Destripeptide B Chain of Bovine Insulin

Acid Hydrolysis
Amino Acid Theory Found

Lysine 0 Trace
Histidine 2 2 . 0

Arginine 1 1 . 0

Aspartic acid 1 1 . 0

Serine 1 0.9
Threonine 1 0 . lb
Glutamic acid 3 3.0
Proline 0 0

Glycine 3 3.0
Alanine 1 1 . 0

Valine 3 2.9
Leucine 4 3.8
Tyrosine 2 1.9
Phenylalanine 3 3.0
Cysteine 2 c

a. Number of amino acid residues per molecule.
b. Amount present as threonine.
c. Not determined.
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combined with the B-SSC>3  (Chart III) . From this combina­
tion mixture the insulin analogue and other by-products 
were precipitated as the picric acid salts and eventually 
separated by CM-cellulose chromatography with an exponen­
tial NaCl gradient. The insulin analogue from the chroma­
tographic effluent was isolated as the hydrochloride via 
the picrate.

2. Characterization of the Insulin Analogues
Amino acid analysis was run on each isolated hydro­

chloride, and its molar ratios compared to that theoreti­
cally expected for the predicted insulin analogue. Each 
hydrochloride was also tested for biological activity as 
compared to natural insulin using the mouse convulsion 
assay. The insulin analogues were then subjected to thin 
layer electrophoresis to test for homogeneity and also 
to compare their mobility with the natural hormone. It 
should be noted that in each case the insulin analogue 
was found to be the slowest moving component eluted by 
the NaCl gradient from the CM-cellulose column. A simi­
lar situation exists with the chromatographic pattern of 
natural insulin, all synthetic, half-synthetic and hybrid
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insulins (20). As can be seen (Tables V-IX) the molar 
ratios of each insulin analogue obtained from amino acid 
analysis of its acid hydrolyzate are in very close agree­
ment to the theoreticallly expected values.

Each analogue on thin layer electrophoresis moved as 
a single component (Pauly reaction), Figures 3-6. Tests
using the mouse convulsion method showed that: the destri-

28—30peptide B bovine insulin has a specific activity
2 Q — 30ranging from 22-28 IU/mg; the destripeptide B human

insulin 17 IU/mg and the deamino A'*' sheep insulin 7-10
1—4IU/mg. The destetrapeptide A sheep and porcine insu­

lins showed no biological activity.



TABLE V: Amino Acid 
Insulin

Composition3  of the Deamino A 1 Sheep

Amino Acid Theory Found

Lysine 1 1 . 1

Histidine 2 1 . 8

Arginine 1 1 . 1

Aspartic Acid 3 2.9
Threonine 1 0.9
Serine 2 1.9
Glutamic Acid 7 6.9
Proline 1 1 . 1

Glycine 4 4.2
Alanine 3 2.9
Valine 5 4.6
Isoleucine 1 0 . 6

Leucine 6 6 . 0

Tyrosine 4 b
Phenylalanine 3 2.9
Cysteine 6 b

a. Number of amino acid residues per molecule.
b. Not determined.



TABLE VI: Amino Acid 
A^  ̂ Sheep

Composition of 
Insulin

the Destetrapeptide

.Amino Acid Theory Found

Lysine 1 1 . 0

Histidine 2 1.7
Arginine 1 1 . 1

Aspartic Acid 3 2 . 8

Threonine 1 0.9
Serine 2 1.9
Glutamic Acid 6 6 . 1

Proline 1 1 . 1

Glycine 4 4.0
Alanine 3 2.9
Valine 4 3.8
Leucine 6 5.9
Tyrosine 4 b
Phenylalanine 3 2.7
Cysteine 6 b

a. Number of amino acid residues per molecule.
b. Not determined.



aTABLE VII: Amino Acid Composition of the Destetrapeptide
A^  ̂ Porcine Insulin

Amino Acid Theory Found

Lysine 1 1 . 1

Histidine 2 2 . 0

Arginine 1 1 . 0

Aspartic Acid 3 3.0
Threonine 2 1 . 8

Serine 3 2 . 8

Glutamic Acid 6 6 . 0

Proline 1 0.9
Glycine 3 3.0
Alanine 2 1.9
Valine 3 2.9
Isoleucine 1 0.9
Leucine 6 5.9
Tyrosine 4 b
Phenylalanine 3 2.7
Cysteine 6 b

a. Number of amino
b. Not determined.

acid residues per molecule.



TABLE VIII: Amino Acid Composition3 of the Destripeptide
„28-30 „ T ,.B Bovine Insulin

Amino Acid Theory Found

Lysine 0 0

Histidine 2 2 . 1

Arginine 1 1 . 0

Aspartic acid 3 3.0
Threonine 1 0 b
Serine 3 2.7
Glutamic acid 7 7.1
Proline 0 0

Glycine 4 4.1
Alanine 2 2 . 1

Valine 5 4.6
Isoleucine 1 0.7
Leucine 6 5.9
Tyrosine 4 c
Phenylalanine 3 2.9
Cysteine 6 c

a. Number of amino acid residues per molecule.
b. Amount present as threonine.
c. Not determined.



TABLE IX: Amino Acid Composition3 of the Destripeptide
2 ft— i nB Human Insulin

Amino Acid Theory Found

Lysine 0 0 . 2

Histidine 2 1.9
Arginine 1 1 . 0

Aspartic acid 3 3.0
Threonine 2 1 .0 b
Serine 3 2.7
Glutamic acid 7 7.0
Proline 0 0

Glycine 4 4.0
Alanine 1 1.3
Valine 4 3.7
Isoleucine 2 1.5
Leucine 6 6 . 0

Tyrosine 4 c
Phenylalanine 3 2.9
Cysteine 6 c

a. Number of amino acid residues per molecule.
b. Amount present as threonine.
c. Not determined.
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II. EXPERIMENTAL

A. Synthesis of the Deamino Sheep Insulin A
Chain S-Sulfonate (lb) (Chart I)

1. N-Acetyl-L-isoleucyl-L-valyl-L-glutamic acid-a- 
ethyl-y-t-butyl ester (IVb)
N-Carbobenzoxy-L-isoleucyl-L-valyl-L-glutamic acid- 

a-ethy1-y-t-butyl ester (IV, 5.8 g) (22) was dissolved in 
methanol (250 ml) and hydrogenated for one hr over 10% 
palladium-charcoal catalyst (1 g). The catalyst was fil­
tered off and the filtrate evaporated to dryness in va­
cuo . The residue (IVa), dissolved in a mixture of ben­
zene (40 ml) and chloroform (10 ml), was reacted with 
acetic anhydride (1 ml). After 24 hr at room temperature 
ethyl acetate (40 ml) was added to the reaction mixture. 
The crystalline precipitate was collected by filtration 
and washed with ethyl acetate. The dried product was 
partially dissolved in DMF (100 ml) and reprecipitated 
with dilute acetic acid,filtered and washed successively 
with dilute acetic acid, water, IN NaHCO^, and water, and 
dried; wt 4.4 g (90%) mp 229-31°. A sample for analysis 
was recrystallized from ethanol; melting point unchanged. 
[a]£6° -29.4° (c 1, DMF).

Anal Calcd for ^24^43^3^7: 59.38; H, 8 .8 6 ; N, 8 .6 6 .
Found: C, 59.25; H, 8.75; N, 9.03.
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2. N-Acetyl-L-isoleucyl-L-valyl-Y-t-butyl-L-glutamic 
acid hydrazide (IVc )

A solution of IVb {3.6 g) in methanol (150 ml) was 
treated with hydrazine hydrate (4 ml) . Within a short 
time a precipitate was formed, which after 24 hr at room 
temperature was filtered, washed with cold methanol, then 
water until neutral and dried; wt 3.1 g (89%); mp 288* 
dec; lcc]£6° -34.0* (c 1, DMSO) .
Anal Calcd for C 22H41N 5°6* C * 56.05; H, 8.70; N, 14.86. 
Found: C, 56.31; H, 8.84; N, 15.14.

3. N-Acetyl-L-isoleucyl-L-valyl-L-glutamyl-L-gluta- 
mlnyl-S-sulfo-L-cysteinyl-S-sulfo-L-cystelnyl-L- 
alanylglycyl-L-valyl-S-sulfo-L-cysteinyl-L-saryl- 
L-leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-L-gluta- 
minyl-L-asparaginyl-L-tyrosyl-S-sulfo-L-cyatainyl- 
L-aaparaglne (Deamino Sheep A Chain S-Sulfonate)
(lb)

Protected heptadecapeptide II (1 g) was dissolved in 
TFA (15 ml) containing water (0.3 ml) and HBr was passed 
through this solution for 1 1/2 hr at 0*. The heptadeca­
peptide hydrobromide III was then precipitated with 
anhydrous ether, centrifuged, washed several times with 
anhydrous ether, and dried over KOH in vacuo. This material 
was dissolved in DMF (50 ml) containing Et^N (0.4 ml), 
cooled to 0 *, and allowed to react with the tripeptide aside 
iVd, which was prepared as follows. A suspension of N-ace- 
tyl-L-isoleucyl^L-valyl-Y-t-butyl-L-glutamic acid hydrazide 
(IVc, 500 mg) in DMF (35 ml) was cooled to -15° and brought
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into solution by the addition of 2N HC1 (3.5 ml). To 
this solution was added sodium nitrite (74 mg) dissolved 
in cold water (0.5 ml). After 5 min at -15® the reaction 
mixture was added to half-saturated sodium chloride 
solution (150 ml) and the precipitated azide was filtered 
off, washed with cold water, and dried at 4® for 1 hr 
over ^2^5 —  vacuo« This azide was subsequently added to 
the heptadecapeptide solution above. The reaction mixture 
was stirred at 4®, adding from time to time DMF (50 ml) 
to prevent it from gelling. After 48 hr the mixture was 
poured into methanol (500 ml) containing acetic acid (0.5 
ml). The crude, precipitated, protected sheep A chain 
analogue I was isolated by filtration, washed successively 
with absolute methanol, 50% aqueous methanol, and water, 
and dried; wt 0.95 g (85%).

A solution of this material in TFA (20 ml) was stored 
at room temperature for 30 min and then filtered through 
a sintered glass filter to remove traces of impurities. 
Dilution of the filtrate with anhydrous ether caused the 
precipitation of the partially protected analogue la; wt
0.9 g.

Amino acid analysis of an acid hydrolysate showed 
the following composition expressed in molar ratiosi Arip2 o

Ser0.9Glu3.9Glyl .0Alal .lVall.«Ileu0.«teu2 .0Tyrl .6Cyatein*0.5
S-benzylcysteine 3 2 in agreement with the values ex­
pected from theory. The reduction of la (180 mg) was 
carried out with sodium in anhydrous liquid ammonia as
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described previously. Sulfitolysis with sodium sulfite 
(600 mg) and sodium tetrathionate (300 mg) followed by 
dialysis and then lyophilization yielded the sheep A chain 
S-sulfonate lacking the N-terminal amino group (lb) as a 
white powder; wt 160 mg. Sephadex G-50 chromatography of 
this synthetic material in 5% acetic acid gave a single 
peak pattern on continuous monitoring at 278 mu. Lyophi­
lization of the effluent gave the purified analogue lb; 
wt 135 mg (80% based on la used).

Amino acid analysis of an acid hydrolysate gave the 
composition expressed in molar ratios shown in Table I.
On thin layer electrophoresis both in 0.5 N acetic acid, 
3500 v and in 0.01 N NH 4 HC03, pH 10, 3500 v the synthetic 
material lb moved as a single component (Pauly reaction).

1-4B. Synthesis of the Destetrapeptide A Sheep 
A Chain S-Sulfonate (Ha) (Chart II)

The thoroughly dry, protected heptadecapeptide II 
(200 mg) (13) was dissolved in anhydrous liquid ammonia 
(150 ml) in a 250 ml round bottom flask fitted for magnetic 
stirring. The reaction was carried out at the boiling 
point of the solution. Cleavage of the protective groups 
was accomplished by adding very small pieces of sodium into 
the solution until a faint blue color appeared throughout. 
The blue color was allowed to persist for 1 min and was 
then discharged by the addition of a few crystals of



ammonium chloride. The solution was evaporated at atmos­
pheric pressure to about 1 0  ml and dried from the frozen 
state. The residue was dissolved in 8 M guanidine hydro­
chloride <20 ml) containing acetic acid (0.5 ml). The pH 
of the solution was adjusted to 8.9 with ammonium hydroxide, 
and sodium sulfite (680 mg) then added. After stirring the 
solution for 15 to 30 min at room temperature freshly pre­
pared sodium tetrathionate (320 mg) was added.

The reaction mixture was stirred for 4 hr at room 
temperature then dialyzed against four changes of distilled 
water (4 1 each) at 4* for 24 hr. Visking 18/32 dialysis 
tubing was used. The dialyzate was then lyophilized; wt 
165 m g .

The lyophilized material (165 mg) was dissolved in 5% 
acetic acid (5 ml) and applied to a Sephadex G-50 column 
(fine grade bead form; 2.4 x 50 cm), which had been equili­
brated with 5% acetic acid. The effluent was continuously 
monitored with a Gilford recording spectrophotometer at 
278 my. The chromatographic pattern obtained indicated the 
presence of a single component, which was isolated by lyo- 
philization of the effluent; wt 130 mg (74%, based on II 
used). Amino acid analysis of an acid hydrolysate and of 
an LAP digest gave the compositions expressed in molar ratios 
shown in Table II.

On thin layer electrophoresis in 0.5 N acetic acid,
3400 v, and in 0.01 N NH 4 HC03, pH 10.0, 2900 v, the synthe-



tic material Ila moved as a single component (Pauly re­
action) .

1-4C. Synthesis of the Destetrapeptide A Human
A Chain S-Sulfonate (Va) (Chart II)

The procedures used here were identical to those used 
to obtain Ila. From the known protected heptadecapeptide 
V (200 mg) (25) purified human A chain S-sulfonate analogue 
Va was obtained; wt 125 mg (71%, based on V used). Amino 
acid analysis data both for an acid hydrolysate and an LAP 
digest is given in Table III. On thin layer electrophore­
sis, carried out at two pH values as described previously, 
the synthetic material Va moved as a single component (Pauly 
reaction).

2g_3oD. Synthesis of the Destripeptide B
Bovine B Chain S-Sulfonate

The classical reduction procedure of Sifferd and du 
Vigneaud (24) was employed for the cleavage of insulin to 
its individual chains. Essentially the method used for 
deblocking the protected synthetic insulin A chains was fol­
lowed (13,22). In a typical experiment thoroughly dry cry­
stalline bovine zinc insulin (250 mg) was dissolved in an­
hydrous liquid ammonia (200 ml) in a 500 ml round bottom 
flask fitted for magnetia stirring. The reaction was car-



ried out at the boiling point of the solution. Reduction 
was accomplished by adding small pieces of sodium into the 
solution until a faint blue color appeared throughout. The 
blue color was allowed to persist for 30 seconds and was 
then discharged by the addition of ammonium chloride (ca 2  

g ) . The solution was evaporated at atmospheric pressure 
to about 10 ml and dried from the frozen state. The reduc­
ed product thus obtained was sulfitolyzed using sodium sul­
fite and sodium tetrathionate. Briefly, this material was 
dissolved in 8 M quanidine hydrochloride (25 ml) containing 
acetic acid (0.5 ml) and to this solution adjusted to pH 
8.9 with dilute ammonium hydroxide was added sodium sulfite 
(1 g) and freshly prepared sodium tetrathionate (500 mg).
The reaction mixture was stirred for 16 hr at room tempera­
ture and then dialyzed against five changes of distilled 
water (4 1 each) at 4° for 20 hr. A Visking 18/32 dialyi- 
ing tubing was used. The dialyzate was adjusted to pH 5.0 
and the precipitated product was separated by centrifugation. 
Lyophilization of the precipitate afforded a preparation 
enriched in B-SSO^. The latter was purified by continuous 
flow electrophoresis, which was accomplished at 2400 v, 
100-130 ma and 5° using as a supporting buffer a 0.12% 
NH^HCO^ solution adjusted to pH 7.8 with NH^OH. Tlv elec­
trode rinse of the separator was a solution of 0.315%
NH^HCO^. The tubes containing the B-SSO^ derivative were 
pooled and lyophilized to yield the S-sulfonated chain as a
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white fluffy material, 80 mg. See Katsoyannis et al. (18) 
for a detailed description of the above techniques. Fur­
ther purification of this B-SSO^ derivative was achieved by 
chromatography on the 4.5 x 50 cm CM-cellulose column using 
8 M urea-acetate buffer# pH 4.1. The chromatographic pat­
tern obtained is shown in Figure 2-1. For removing the 
urea# the fractions containing the chain material were ti­
trated with concentrated HC1 to pH 3.0 and then placed on 
a 4 x 60 cm G-15 Sephadex column equilibrated with 5% (v/v) 
acetic acid. The pooled effluent containing the chain ma­
terial was concentrated in a rotary evaporator (30°) to 
about 10 ml and mixed with 15 ml of saturated picric acid 
solution. After 24 hr at 2° the precipitated picrate was 
isolated by centrifugation and washed with half-saturated 
picric acid solution. Separation of the picric acid salts 
from the chain material was readily accomplished upon chro­
matography of its picrate on the 1.2 x 50 cm Sephadex G-15 
column equilibrated with 0.05 M NH^HCO^. The B-SSO^ deri­
vative was recovered as a white fluffy material upon lyo- 
philization of the effluent. The amino acid analysis of 
this material after acid hydrolysis gave a composition in
molar ratios shown in Table IV. The purified product pos-

25sessed the specific rotation of ta]D -95.4° (c 0.1, 0.5 N
25acetic acid) compared to -95.8° + 4 . 3 °  (c 0.1, 0.5 N

acetic acid) which was found for natural bovine B-SSO^. On 
high voltage thin layer electrophoresis in 0.01 N NH^HCO^



adjusted to pH 10 with NH^OH and 3400 v the purified ma­
terial exhibited a single Pauly-positive spot, and had the 
same mobility as natural bovine B-SSO^. Finally no differ­
ence was detected in the infrared spectra of the above pro­
duct and natural bovine B-SSO^.

E. Synthesis, Isolation and Characterization 
of the Insulin Analogues

1. Deamino A 1  Sheep Insulin
This analogue was synthesized from the corresponding 

chains according to the method outlined by Katsoyannis and 
Tometsko (19). In a typical experiment an aqueous solution 
of 20 mg deamino A chain S-sulfonate was treated at pH 5.0 
with 2-mercaptoethanol for 6 min at 100°. The reaction 
mixture was cooled to 5°, extracted with ethyl acetate to 
remove the 2-mercaptoethanol and the ensuing reduced A chain 
was allowed to react with 5 mg of bovine B-SSO^ at pH 9.6. 
After 18 to 22 hr at 2° acetic acid was added to the reaction 
mixture to give a final concentration of 1 0 % (v/v), and the 
resulting solution was mixed with an equal' volume of satu­
rated picric acid solution. After 24 hr at 2° the preci­
pitated picrate was isolated by centrifugation and washed 
once with a 5 ml portion of a half-saturated picric acid 
solution. This solid was dissolved in a few drops of ace- 
tone-water (4:1 by volume) and the resulting solution was 
mixed with 40 ml of cold, dry acetone containing 4 drops of



concentrated HC1. The precipitated white product was allow­
ed to settle for 2  hr at 2 °, collected by centrifugation and 
washed successively with dry acetone and dry ether. Separa­
tion of insulin from this precipitate was accomplished as 
follows. The precipitate (which consists of the hydrochlor­
ides of the various products formed by the combination of 
the A and B chains) was suspended in 1 ml of acetate buffer 
(pH 3.3; Na+ , 0.04 M) and any insoluble material removed by 
centrifugation, and then washed with 2  ml of the same buffer 
If more than one recombination mixture was needed (usually 
two were used), each mixture was treated separately up to 
this point. The combined supernatants were placed on the 
0.9 x 23 cm CM-cellulose column and chromatographed using 
a NaCl gradient as described by Katsoyannis et̂  al. (20).
The effluent was monitored continuously at 278 mp and also 
by a Radiometer conductivity meter (Copenhagen). Figure 7 
illustrates the chromatographic pattern obtained using two 
recombination mixtures of the deamino sheep A chain. The 
insulin analogue is eluted with application of the NaCl gra­
dient and is the slowest moving material. The effluent con­
taining the insulin analogue was concentrated in a rotary 
evaporator (20-2 5°) to approximately 10 ml and mixed with 
an equal volume of saturated picric acid solution. The 
precipitated picrate was collected by centrifugation and 
converted to the hydrochloride by the method of Randall (29) 
Amino acid analysis of an acid hydrolysis of this product



EFFLUENT 
VOLUME, ml

Figure 7

(--- ) ABSORBANCE AT 278 m/i

uto
2  <£ 
9r. D

o
O

rooo

rooo
(....)CONDUCTANCE, mmho



39.

gave the molar ratios shown in Table V.
This hydrochloride was assayed by the mouse convulsion 

method and had a specific activity of 7-10 IU/mg.
Finally, on thin layer electrophoresis both at pH 10,

0.01 N NH^HCO^, 3500 v and 0.5 N acetic acid, 3500 v, this 
material moved as a single component and had a mobility 
slightly different from that of the natural bovine hormone; 
Figures 4 and 3, respectively.

1-42. Destetrapeptide A Sheep and Porcine Insulins
Essentially the same procedures as above were used for

combination of the chains and isolation of the analogues.
Figures 8 and 9 show the chromatographic pattern obtained
using two recombination mixtures for each analogue. In each
case the insulin analogue was found to be the slowest moving
component eluted by the NaCl gradient. Amino acid analysis

1-4of the destetrapeptide A sheep and porcine insulin hydro­
chlorides is given in Tables VI and VII, respectively. Quan- 
titites up to 40 micrograms per mouse of each of the above 
insulin analogues produced no convulsions in several groups 
of mice tested (5 to 10 mice per group). Both insulin ana­
logues on thin layer electrophoresis in 0.01N NH^HCO^, pH 
10, 3 500 v, did not move from the origin, whereas in 0.5 N 
acetic acid, 3500 v, both moved as a single component (Pauly 
reaction)having the same mobility, which was slightly dif­
ferent from natural bovine insulin, Figure 5.
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28—303. Destripeptide B Bovine and Human Insulins
The same procedures as used above were again utilized

for combination of the chains and isolation of the insulin
analogues. Figure 10 shows the chromatographic pattern ob-

28-30tained from combination mixtures of the destripeptide B 
chain with bovine A chain {75 IU). The last component elut­
ed with the NaCl gradient was found to be the destripeptide 
28 — 30B bovine insulin, as confirmed by its amino acid ana­

lysis shown in Table VIII. The weight of the insulin ana­
logue hydrochloride isolated was 1.1 mg. Thin layer electro­
phoresis of this material (0.5 N acetic acid, 3500 v) re­
vealed a single component (Pauly reaction) having a mobility 
slightly different from that of the natural hormone, Figure
6 . Finally, this analogue when assayed by the mouse con­
vulsion technique possessed a specific activity of 22-28
IU/mg. Figure 11 shows the chromatographic pattern obtain-

28—30ed from combination mixtures of the destripeptide B
chain with human (porcine) A chain (90 IU). Again the last
component eluted with the NaCl gradient was found to be

28—30the destripeptide B human insulin as confirmed by its
amino acid analysis shown in Table IX. The weight of in­
sulin analogue hydrochloride recovered was 1.8 mg. This 
human insulin analogue possessed a specific activity of 17 
IU/mg.
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III. RESULTS AND DISCUSSION

Investigations of the relationship of chemical struc­
ture to biological activity in the insulin field have been 
carried out in several laboratories (3,7). An approach 
which provided information regarding structure-activity re­
lationships involved chemical modification of various 
functional groups of the insulin molecule (30,31,32,33,34). 
Equally interesting results were obtained by enzymatic modi­
fication of the insulin molecule. This approach consists 
in the selective removal of one or more amino acid residues 
from the amino or carboxyl termini of the insulin chains 
with the aid of various proteolytic enzymes (7,30).

The development of methods, however, for preparing 
purified A and B chains and the development of highly effi­
cient techniques, both for their combinations (14,19) and 
the isolation of the insulin thus produced (19,20) has open­
ed unlimited possibilities for the synthesis of insulin 
analogues and for study of structure-activity relationships. 
To this end a number of analogues of the A and B chains have 
been synthesized, submitted to combination experiments with 
natural B and A chains, respectively and the combination 
mixtures tested for biological activity (35-42) . Biologi­
cal evaluation of combination mixtures of A and B chains, 
however, is insufficient for drawing meaningful conclusions 
regarding structure-activity relationships. Generation of
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a certain amount of biological activity by combination of 
modified A and B chains might indicate that either the 
chains have combined very efficiently and the product, "in­
sulin analogue", is not very active or that the chains do 
not combine efficiently but the analogue is highly active. 
Obviously then, isolation of an analogue in purified form 
is a prerequisite for meaningful conclusions regarding 
structure-activity studies.

This investigation has dealt with the isolation in 
purified form of three A chain insulin analogues and two 
B chain insulin analogues. The key intermediates in the syn­
thesis of the three A chain analogues were the known pro-

5-21tected human and sheep heptadecapeptides A (V and II
respectively. Chart II). Removal of the protective groups
by sodium in liquid ammonia reduction, followed by sulfi-

1-4tolysis yielded the destetrapeptide A human and sheep 
A chain S-sulfonates. The deamino sheep A chain S-sulfo- 
nate was obtained as above after first forming the partial­
ly protected deamino A 1  chain (la, Chart I), starting from 
the sheep heptadecapeptide (II, Chart I). Each A chain ana­
logue was purified by chromatography on G-50 Sephadex.
Amino acid analysis after acid hydrolysis and enzymatic di­
gestion with LAP, as well as thin layer electrophoresis es­
tablished the chemical and stereochemical homogeneity of 
the synthetic compounds.

1-4The destetrapeptide A sheep and porcine insulins
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and deamino sheep insulin were produced by combining 
each of the above purified A chain analogues with natural 
bovine B-SSO^. Separation of the insulin analogue from 
other products of the combination mixture was accomplished 
by CM-cellulose chromatography. In these chromatographic 
separations, each insulin analogue is the slowest moving 
component and is eluted at the same position where the 
natural hormone emerges when chromatographed under the same 
conditions. This was determined by amino acid analysis 
and biological assay of the material contained in the ef- 
fluent of each peak represented in the chromatogram. Fig­
ures 7 to 9. As shown in Tables V through VII in each case 
the synthetic material purified by CM-cellulose chromato­
graphy gave an amino acid composition after acid hydroly­
sis in very good agreement to the theoretically expected 
values for the corresponding insulin analogue. Thin layer 
electrophoresis further indicated that each of these ana­
logues was homogeneous. The electrogram of the destetrapep- 

1—4tide A sheep and porcine insulins is shown in Figure 5.
The electrograms of the deamino A^ sheep insulin are shown

1-4in Figures 3 and 4. Both the destetrapeptide A sheep 
and porcine insulin analogues were found to be biologically 
inactive by the mouse convulsion assay method, whereas the 
deamino A 1  sheep insulin had a specific activity of 7-10 
IU/mg.

The key intermediate in the synthesis of the B chain



48.

insulin analogues mentioned previously is a B chain which
lacks the C-terminal tripeptide sequence. This destripep- 

20—30tide B chain is prepared by the sodium in liquid am­
monia reduction of bovine insulin. This treatment results 
in the splitting of the disulfide bridges of insulin and, 
in addition, causes the cleavage of the B chain between the 
threonine and proline residues at positions 27-28. The 
amino acid analysis of an acid hydrolysate of the isolated 
destripeptide B-SSO^ (Table IV) indicates that the cleavage 
of the threonyl-proline bond is almost quantitative. The 
molar ratios of pro, lys and ala, which occupy the C-termi- 
nal tripeptide sequence in the B chain, indicate only traces 
of these amino acid residues are present in the acid hydro­
lysate of that chain. The elimination of the C-terminal tri­
peptide sequence, pro-lys-ala, results in the formation of 
a new C-terminal amino acid residue, threonine. It has been 
shown, however (27) , that the sodium-liquid ammonia cleavage 
of acyl-proline bonds leads to the formation of multiple 
forms of the new C-terminal amino acid residue which in this 
case is threonine. It appears that the predominant forms 
of the new C-terminus are the corresponding amino alcohol 
and amino aldehyde derivatives. Since either of these deri­
vatives will be decomposed upon acid hydrolysis, the acid
hydrolysate of the destripeptide B-SSO^ contains only traces

28—30of threonine (Table IV). The destripeptide B bovine
and human insulin analogues which were produced by the com-
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28 — 30bination of the destripeptide B chain with the cor­
responding A chains were isolated by the previously de­
scribed CM-cellulose method. Again it was found that both 
analogues are eluted at the position where the natural hor­
mone emerges in this chromatographic system. As shown in 
Tables VIII and IX amino acid analyses of the isolated 
hydrochlorides of these insulin analogues after acid hydro­
lysis, gave amino acid compositions expressed in molar 
ratios in very good agreement with the theoretically expect­
ed values. On high voltage thin layer electrophoresis both
analogues exhibited single Pauly-positive spots. The elec-

28 — 30trogram of destripeptide B bovine insulin is shown in
Figure 6 . The specific activity of this latter analogue 
ranged from 22 to 28 IU/mg as compared to the specific acti­
vity of 23-25 IU/mg found in our laboratory for the natural
bovine, sheep and porcine insulins. The specific activity

28-30of the destripeptide B human insulin, however, was 7 0%
of that of the natural hormone, namely 17 IU/mg.

It can be seen from the data presented here that each 
of the A and B chain analogues did combine with its natur­
al counterpart to form an insulin analogue. The low or 
nonexistant biological activity of the A chain insulin ana­
logues described in this investigation, namely the deste-

1—4 1trapeptide A sheep and porcine insulins and deamino A
sheep insulin indicates that there are one or more amino
acid residues in the first four positions of the A chain.



which play an essential role in the biological behavior
of insulin as manifested by the mouse convulsion method.

28 — 30The high biological activity of the dastripeptide B
human and bovine insulins indicates that the three amino
acid residues at B chain positions 28, 29 and 30 are not
necessary for biological activity of insulin. It also
further implies that an intact threonine residue at position 
27B in the parent molecule is not necessary for biological

activity of the hormone, since the new C-terminus of both
active analogues contains an altered derivative of that
amino acid. Finally this investigation has shown that the
B chain of insulin can be shortened considerably at the
carboxyl end without affecting the biological activity of
the hormone. At this moment we have no explanation for

og*30the lower specific activity of the destripeptide B
28 — 30human insulin as compared to both the destripeptide B 

bovine insulin analogue or natural insulin. Thus the 
chemical synthesis and isolation in purified form of sever­
al insulin analogues has been accomplished and their bio­
logical activity determined. The pattern relating struc­
ture to function has, I believe, been started.



IV. SUMMARY

The synthesis and isolation in a highly purified form

of the S-sulfonated derivatives of the deamino A chain and
1-4destetrapeptide A chain of sheep insulin and the destetra

1-4peptide A chain of procine (human) insulin are described.

Each of these A chain analogues was combined with natural B

chain of bovine insulin to form deamino A^ sheep insulin and
1-4destetrapeptide A sheep and porcine insulins, which were

isolated as the hydrochlorides. The former analogue had a 

specific activity of 7 to 10 IU/mg, whereas the latter two 
analogues were biologically inactive by the mouse convulsion 

assay method.
The preparation from natural bovine insulin of the S-

2 8 — 30sulfonated derivative of the destripeptide B chain is

also described. Combination of the latter compound with the

sulfhydryl form of the bovine or porcine (human) insulin A
20-30chains afforded the destripeptide B bovine or human

insulins respectively, which were isolated and characterized 

The bovine insulin analogue possessed a specific activity 
ranging from 32-28 IU/mg, whereas the human insulin analogue 

has a potency of 17 IU/mg.



ABBREVIATIONS

Ala = alanine
APM = aminopeptidase M

N H 2A*Sp = asparagine 

Arg = arginine
A-SSO^ = A chain S-sulfonate
B-SSO^ = B chain S-sulfonate
Cys = cysteine
Glu = glutamic acid
nh 2
G [u = glutamine

Gly = glycine
His = histidine

lieu = isoleucine

LAP - leucine aminopeptidase

Leu = leucine

Lys - lysine
Phe = phenylalanine
Ser “ serine
Thr * threonine
Tyr * tyrosine
Val » valine
Bz ■ ben2 yl
NBZ * p-nitrobenzyl ester
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NHNH2 = hydrazide
OBut *= tert-butyl ester
OEt = ethyl ester
ON^ = azide
SO^ = sulfonate
Z - carbobenzoxy
DMF = dimethylformamide
OMSO = dimethylsufloxide
Et^N = triethylamine
HBr » hydrogen bromide (hydrobromic acid)
HCl = hydrochloric acid
KOH = potassium hydroxide
NaCl = sodium chloride
NH 3 = ammonia
NH^OH = ammonium hydroxide
ca = about
cm = centimeter
g = gram
hr = hour
IU =* international unit
1 » liter
M * molarity
ma - mi H i  ampere
mg « milligram
min - minute
ml * milliliter
mp - melting point
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nui » millimicron
[a]D * specific rotation - D line of sodium
v * volt
wt = weight
Anal - analysis
Calcd = calculated
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