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ion titration curves and will be reported in a subsequent 
paper. 
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The Synthesis of Triaminoacyl-insulins and the Use of the 
t-Butyloxycarbonyl Group for the Reversible Blocking of the 
Amino Groups of Insulin" 

Daniel Levy? and Frederick H. Carpenter 

ABSTRACT: t-Butyloxycarbonyl azide reacts with insulin 
in dimethylformamide to  give a derivative in which 
all three amino groups of insulin are covered and 
which has a diminished biological activity. Upon 
treatment of the t-butyloxycarbonyl-insulin with anhy- 
drous trifluoroacetic acid, the t-butyloxycarbonyl 
groups are removed to  yield a crystalline insulin with 
high biological activity. Reaction of the p-nitrophenyl 
esters of t-butyloxycarbonylamino acids with insulin 
results in the introduction of three amino acid residues; 
one on each of the amino terminals of the A and B 
chain and one on the €-amino group of lysine 29 of the 
B chain. Upon treatment of the derivative with anhy- 
drous trifluoroacetic acid, the t-butyloxycarbonyl 

A continuing study in this laboratory is concerned 
with the relationship of structure to  biological activity 
of insulin. A recent review (Carpenter, 1966) sum- 
marized a number of findings that were obtained by 
subjecting insulin to  various enzymatic degradations 
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groups are removed to yield triaminoacyl-insulins. 
Derivatives prepared in this manner included trialanyl-, 
triasparaginyl-, trilysyl-, trimethionyl-, and by a slight 
modification, triglutamyl-insulins. 

The products were characterized by amino acid 
composition, DEAE Sephadex chromatography, chem- 
ical and enzymatic degradations, and biological activ- 
ity. Despite the introduction of groups of different 
size, charge, and hydrophylic-hydrophobic properties, 
the resulting triaminoacyl-insulins all possessed about 
the same biological activity amounting to 40-50 of 
that of bovine insulin in the mouse convulsion assay 
with slightly higher values in the immunochemical as- 
says. 

The present report is concerned with chemical modifi- 
cations involving the free amino groups of insulin. 

Reactions at the free amino groups of insulin have 
been the subject of several previous investigations. 
Fraenkel-Conrat and Fraenkel-Conrat (1950) covered 
the amino groups by acetylation with acetic anhydride 
to  yield products which showed little loss of biological 
activity. On the other hand, Mills (1953) reacted the. 
amino groups with 2,4,5-trinitrotoluene to give products 
with no biological activity. Since the acetyl and dinitro- 
tolyl residues cannot be removed under mild condi- 
tions, they can be considered as irreversible blocking 
groups. Although several reagents have been proposed 
for use in the reversible blocking of the amino groups 3559 
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FIGURE 1 : Scheme depicting the synthesis and degradation of t-BOC-insulin and triaminoacyl-insulins ; a.a. refers to 
an amino acid residue, t-BOC refers to t-butyloxycarbonyl group, ONp refers to the p-nitrophenyl group, and TFA 
refers to trifluoroacetic anhydride. 

of proteins (Goldberger and Anfinsen, 1962; Merigan 
et al., 1962; Marzotto et al., 1967), they apparently 
have not been applied to  insulin. Ludwig and Byrne 
(1 962) have used ethyl acetamidate to cover the amino 
groups of the oxidized A and B chains of insulin and 
were subsequently able to remove the acetimidyl block- 
ing groups by treatment with concentrated ammonia. 
We are reporting on the use of the t-butyloxycarbonyl 
group (t-BOC)' as a reversible blocking group for the 
amino residues of insulin. 

Another type of modification of the amino groups 
of insulin involves the addition of amino acid residues 
by means of the Leuchs' anhydrides. In early work 
Fraenkel-Conrat (1 953) used N-carboxy-L-leucine anhy- 
dride to react with the amino residues of insulin. 
More recently, Virupaksha and Tarver (1964) used 
the N-carboxy anhydride of methionine. As one might 
expect, the products obtained by such procedures 
consist of a mixture of compounds. Thus, Fraenkel- 

-__ 
Abbreviations used: r-BOC, the t-butyloxycarbonyl group; 

TPCK-trypsin, trypsin which has be entreated with ~ - ( l -  
tosylamido-2-pheny1)ethyl chloromethyl ketone; TFA, tri- 
fluoroacetic acid. 

Conrat found incomplete coverage of the €-amino 
group of lysine even when he used a large excess of 
reagent which resulted in the incorporation of over 
7.3 leucine residues/mole of insulin. Since there is a 
total of three amino groups in insulin, such products 
must consist of a mixture of molecules in which some 
of the amino groups are unreacted while others are 
substituted with a single or polyleucyl residue of 
variable chain length. Understandably, the results of 
bioassays on such compounds are subject to some 
ambiguities in interpretation. Nevertheless, it is interest- 
ing to note that a methionyl derivative which contained 
approximately 2.5 residues of methionine/mole of 
insulin possessed approximately 50 of the biological 
activity of native insulin (Virupaksha and Tarver, 
1964). 

This report describes a procedure which allows the 
addition of various amino acid residues to the three 
amino groups of insulin. The procedure, which is based 
on recent developments in peptide chemistry (Carpino 
et al., 1959; Bodiinszky, 1955; Schwyzer and Keppler, 
1961), is outlined in Figure I. The p-nitrophenyl esters 
of t-BOC-amino acids are reacted with the amino 
groups of insulin, followed by removal of the protect- 
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ing groups in anhydrous trifluoroacetic acid (TFA) 
to yield the triaminoacyl-insulins. A preliminary report 
of this work has appeared (Levy and Carpenter, 1966). 

Experimental Section 

Marerials 
Bovine zinc insulin was the product of Eli Lilly and 

Co. (lot no. 836550). TPCK-trypsin was prepared by 
treating twice-crystallized, salt-free lyophilized trypsin 
from Worthington Biochemical Corp. (lot no. 6224) 
with ~-(l-tosylamido-2-phenyl)ethyl chloromethyl 
ketone (Schoellmann and Shaw, 1963) by a modification 
(Wang and Carpenter, 1965) of the procedure of 
Kostka and Carpenter (1964). Trypsin treated with 
TPCK was used in orde, to minimize the possibility 
of nontryptic cleavage of peptide bonds by chymotryp- 
sin which is a frequent contaminant of trypsin prepara- 
tions. 

Dimethylformamide (Distillation Products, Inc.) was 
purified by filtration over a cation-exchange resin (5& 
100 mesh, Bio-Rad AG 50W-X8) followed by distilla- 
tion under vacuum (0.2 mm) after refluxing for 2 hr 
over calcium hydride. Phenyl isothiocyanate (Distilla- 
tion Products, Inc.) was distilled before using; r-BOC- 
azide was prepared from t-butyl carbazate (Aldrich 
Chemical Co.) according to Carpino et al. (1959). 

r-BOC-methionine and its p-nitrophenyl ester were 
prepared according to Scoffone et al. (1964). a,c-Di-t- 
BOC-lysine p-nitrophenyl ester was prepared according 
to Hofmann et al. (1965). r-BOC-asparagine p-nitro- 
phenyl ester was prepared according to Schroder and 
Klieger (1 964). t-BOC-alanine (Calbiochem) was 
converted to the p-nitrophenyl ester according to 
Tesser and Nivard (1964). 

N-t-Butyloxycarbonyl-~-glutomic Acid y-Melliyl Ester 
cr-p-Nitrophenyl Ester. Glutamic acid y-methyl ester 
(970 mg, 6.0 mmoles), prepared according to Hanby 
and Waley (1950), was added to a suspension of mag- 
nesium oxide (480 mg, 11.9 mmoles) in 50% aqueous 
dioxane (30 ml) and stirred for 1 hr. t-BOC-azide 
(2.0 g) was added and the mixture was stirred for 6 
hr at 48". The reaction was poured into cold water 
(175 ml) and the precipitate was removed by filtra- 
tion. The aqueous solution was extracted with ethyl 
acetate to remove the excess t-BOC-azide. The ethyl 
acetate layer was washed with water, the combined 
aqueous extracts were cooled to 0", and the pH was 
adjusted to 3.0 with 10% citric acid (25 ml). The 
acidified solution was saturated with NaCI, extracted 
with ethyl acetate, and dried over MgSO,. After 
filtration, evaporation gave a colorless oil (840 mg, 
3.2 mmoles) that was ninhydrin negative and homogene- 
ous on thin layer chromatography; yield 53%. The 
nuclear magnetic resonance spectrum showed a singlet 
at r 8.45 with an integrated value of nine protons for 
the r-butyl group, and a singlet at  T 6.30 for the methyl 
ester. Although we were unable to obtain this com- 
pound in crystalline form, it was satisfactory for use 
in the preparation of the crystalline p-nitrophenyl ester 
derivative. 

The oily N-t-BOC-glutamic acid y-methyl ester 
(340 mg, 1.3 mmoles) was dissolved in ethyl acetate 
( 5  ml) and cooled to 0". To this solution was added 
p-nitrophenol (180 mg, 1.3 mmoles) and dicyclohexyl- 
carbodiimide (268 mg, 1.3 mmoles) and the reaction 
was kept at  0" for 2 hr and then at 4" for 20 hr. The 
dicyclohexylurea was filtered and the precipitate was 
washed with fresh ethyl acetate. The organic layer was 
washed with dilute sodium bicarbonate, dilute citric 
acid, water, and then dried over MgS04. Evaporation 
of the filtered solution afforded a colorless oil that 
crystallized on standing. The product was recrystallized 
from ether-petroleum ether (bp 30-60") to yield 
crystals (320 mg, 0.84 mmole) of mp 83-86", yield 65 %. 
This product was homogeneous on thin layer chroma- 
tography. The nuclear magnetic resonance spectrum 
showed peaks at r 8.47 and 6.30 for the t-butyl group 
and the methyl ester with an integrated intensity of 
9 : l .  The infrared spectrum had peaks at 7.42 and 6.25 
1 for thep-nitruphenyl ester. 

Anal. Calcd for C17H22N208: C, 53.40; H,  5.76; 
N,7.33.Found:C,53.50;H,5.85;N,7.20. 

Merhods 
Amino acid analyses were performed on a Beckman- 

Spinco Model 120B automatic amino acid analyzer 
(Spackman et al , ,  1958). All hydrolyses were carried 
out in 6 N HCI in sealed, evacuated tubes for 6 hr at 
120". 

Injrured spectra were run on a Baird-Atomic spectro- 
photometer utilizing potassium bromide pellets or 
chloroform solutions. Nuclear magnetic resonance 
spectra were run on a Varian A-60 in chloroform 
or deuterium oxide. U1trac.iolet absorption measure- 
ments were obtained from a Zeiss spectrophotometer 
(PM Q 11). Elemental and methoxyl analyses were 
performed by the Chemistry Department, University of 
California, Berkeley, Calif. Melting points were taken 
in open capillary tubes on a Thomas-Hoover melting 
point apparatus and are uncorrected. Thin layer chro- 
marographj, was performed on plates prepared from 
silica gel G (E. Merck) with chloroform and ethyl 
acetate as the eluting solvents. Biological assays by 
the mouse convulsion test and immunoassays were 
performed at  Eli Lilly and Co. From 120 to 150 mice 
were involved in each convulsion assay. 

A DEAE Sephadex (A-25) column (2.5 X 30 cm) 
was used to assess the homogeneity of the various 
insulin derivatives by the procedure of Bromer and 
Chance (1967). The samples (5  mg/ml) were dissolved 
in the chromatographic buffer containing 0.01 M 

Tris-0.03 M NaCl in 7 M urea and the pH was adjusted 
to 7.5 with HCI. Elution was performed by a linear 
gradient obtained by running 0.3 M NaCl (1 1.) into the 
stirred reservoir containing 1 1. of 0.03 M NaCl (all 
in 7 M urea-0.01 Tris at  pH 7.5). Flow rates were 
45-50 ml/hr and fractions of 8-10 ml were collected. 
Protein was determined by absorbance at  277 mp, 

Modified Insulin Preparations. Insulin hydrochloride 
(60 mg, 10 pmoles) (Carpenter, 1958) was dissolved 
in purified dimethylformamide (5.0 ml) and triethyl- 3561 
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TABLE I: Amino Acid Analyses of Insulin Derivatives. 

Amino Acid Insulin Trimet-insulin Triala-insulin Triasn-insulin Triglu-insulin Trilys-insulin 

ASP 
Thr 
Ser 
Glu 
Pro 
G ~ Y  
Ala 
CYS 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
LYS 
His 
Arg 

3 
1 
3 
7 
1 
4 
3 
6 
5 
0 
1 
6 
4 
3 
1 
2 
1 

3 .08  
0.94 
2.92 
6.80 
1.02 
4.10 
3 .OO 
5.90 
4.87 
2.95 
0.92 
5 .88  
3.87 
3.02 
1 .oo 
1.96 
0.93 

2.93 
0.90 
2.88 
6.85 
0.90 
3.96 
6.04 
5.93 
5.05 
0.00 
0.92 
5.92 
3.85 
3.00 
1 .oo 
2.00 
0.96 

6.00 
0.95 
2.93 
7.08 
0.93 
4.08 
3.00 
6.00 
4.91 
0.00 
0.90 
6.02 
3.85 
3.08 
1.00 
2.15 
0 .90  

3.00 
1.04 
2.91 

10.05 
1.06  
4.10 
3.00 
6.10 
4.93 
0.00 
0.85 
6.10 
4.06 
3.03 
1 .oo 
2.03 
0 .91  

2.85 
0.90 
2.92 
6.80 
0.95 
3.94 
3.00 
5.82 
5.05 
0.00 
0.97 
5.80 
3.80 
2.95 
3.93 
2.10 
1 .oo 

amine (10 mg) was added along with the p-nitrophenyl 
ester of a t-BOC-amino acid (300 pmoles). The reaction 
was allowed to proceed for 18 hr at room temperature 
after which time the insulin derivative was precipitated 
by the addition of ether and washed with fresh ether. 
The resulting product, which was ninhydrin negative, 
was dried thoroughly over phosphorous pentoxide 
under high vacuum and then dissolved in 2.0 ml of 
anhydrous TFA. The solution was kept for 1 hr at 
room temperature by which time the ninhydrin color 
had reached a maximum value. The insulin derivative 
was precipitated with ether, washed with fresh ether, 
and dried. The residue (-70 mg) was subjected to two 
isoelectric precipitations. Trimethionyl-, trialanyl-, 

- E' 0.10- 
h 

& 0.08- 

m 
0 

3 0.04- 
0 

E 
0.06- 

i 

E 
0.027 

d 

200 400 600 800 1000 1200 1400 

VOLUME OF ELUENT, rnl 

FIGURE 2 : DEAE Sephadex chromatography with 0.01 M 
Tris buffer in 7 M urea with a 0.03-0.30 M NaCl gradient 
(pH 7.5) of trilysyl-insulin (--), triglutamyl-insulin 
(. . . . . .), and an insulin control (- - - -); sodium 
chloride gradient (- - -). 3562 

and triasparaginyl-insulins were dissolved in 7.0 ml 
of 0.5 M acetic acid (containing 1.0 mg of zinc acetate) 
and precipitated at pH 5.9 with 5 M ammonium hydrox- 
ide, while trilysyl-insulin was precipitated at pH 7.5. 
In each case the final precipitate was collected by 
centrifugation, washed with water, acetone, ether, 
and dried under vacuum; yield -65 mg, 90-95%. 
A control sample of insulin was put through all of the 
manipulations involved in this synthesis with the 
exception of the deletion of the acylating agent. 

Triglutamyl-y-methyl ester-insulin was prepared in 
the same manner as described above. To effect hydroly- 
sis of the methyl ester, the following procedure was 
performed. Triglutamyl-y-methyl ester-insulin (100 mg, 
16.6 Mmoles) was dissolved in 8 ml of 0.034 M 
carbonate buffer (pH 11.0). The solution was main- 
tained at room temperature for 3.0 hr. The pH was 
then adjusted to 3.6 with 1 N HCl and the precipitate 
was collected by centrifugation. The precipitate was 
washed with water and then lyophilized. After drying 
over P205  under high vacuum, the product (85 mg) 
was treated with TFA as described above and then 
subjected to an isoelectric precipitation at pH 4.2 to 
afford the triglutamyl-insulin (Figure 2) derivative 
(80 mg, 13.3 pmoles, 80% yield). The methoxyl analysis 
value for triglutamyl-y-methyl ester-insulin was 1.65 % 
for a calculated value of 1.50%. After base hydrolysis, 
the per cent methoxyl was observed to be less than 
0.1 %. The amino acid analyses of the aminoacyl-insulin 
derivatives are shown in Table I.  

The Action of Trypsin on Trimethionyl-insulin. 
Trimethionyl-insulin (5.3 mg, 0.88 kmole) was dissolved 
in 2.0 ml of pH 8.0 carbonate buffer. To the solution 
was added 0.22 ml of a TPCK-trypsin solution (pH 
3.0, 0.001 M CaCly, 1.2 mg/ml) and the reaction was 
kept at 35" for 90 min. To stop the reaction the DH 

L E V Y  A N D  C A R P E N T E R  
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TABLE 11: Amino Acid Analyses of Insulin and Insulin Derivatives. 
~~ 

Amino Acid 

ASP 
Thr 
Ser 
Glu 
Pro 
G ~ Y  
Ala 
CYS 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
LYS 
His 
Arg 

Insulin 

3 
1 
3 
7 
1 
4 
3 
h 
5 
0 
1 
6 
4 
3 
1 
2 
1 

Dimethionyl- 
desoctapeptide- 

insulin 

3.06 

3.02 
6.68 

2.94 
2.08 
5.68 
4.66 
1.81 
0.78 
5.74 
2.79 
1 .oo 

1.97 
0.91 

Nonapeptide 
Regenerated 

Insulin. 
Regenerated 

Insulin5 

0.97 

1 .oo 
1.06 
1.03 

1.08 

1.01 
2.00 
0.93 

3.06 
1.05 
2.85 
7.15 
0.88 
3.95 
3.12 
5 .95  
4.85 

0 . 9 7  
6.04 
3.79 
3 .00  
1 .oo 
2.13 
0.90 

3.03 
0.98 
2.98 
6 .96  
1.06 
3.97 
2.90 
5.62 
4.75 

0.82 
6.00 
3.64 
3.00 
1 .oo 
2 .12  
1.03 

a Insulin regenerated from trialanyl-insulin. b Insulin regenerated from trimethionyl-insulin. 

was adjusted with 4 N HC1 to pH 2.0. A portion of the 
reaction mixture was analyzed for free amino acids 
by ion-exchange resin chromatography according to 
Spackman et al. (1958). Acetone was added to  the 
remainder of the reaction mixture and the precipitated 
protein was purified by ion-exchange chromatography 
according to  Carpenter and Baum (1962). The protein 
peak was collected and subjected to amino acid analysis. 
The aqueous phase after the acetone precipitation 
which contained the nonapeptide was taken to dryness, 
the residue was hydrolyzed, and subjected to amino 
acid analysis. The results are shown in Table 11. 

Edman Degradation of Trimethionyl-insulin. Tri- 
methionyl-insulin (2.00 mg, 0.33 pmole) was dissolved 
in 1.2 ml of a buffer prepared by mixing 15.0 ml of 
pyridine, 10.0 ml of water, and 1.0 ml of dimethyl- 
aminoethanol. To  this solution was added 50 pl of 
freshly distilled phenyl isothiocyanate and the pH 
of the solution was adjusted to pH 9.0 with 12% 
aqueous TFA. The reaction was flushed with nitrogen 
and kept in a glass-stoppered vessel for 1 hr at 40". 
The reaction was washed several times with benzene 
to remove the excess phenyl isothiocyanate and then 
0.5 ml of water was added to the aqueous phase and 
the solution was lyophilized in the presence of P 2 0 5  
and NaOH. The residue was washed with a small 
amount of ethyl acetate and the sample was dried 
under high vacuum for 30 min. The residue was then 
dissolved in 100 pl of TFA and the tube was flushed 
with nitrogen and the glass-stoppered tube was placed in 
an oil bath at 40" for 1 hr. The TFA was evaporated and 
the residue was extracted with ethylene chloride to ob- 

tain the thiazolinone. After evaporation of the ethylene 
chloride the thiazolinone was hydrolyzed in 2 ml of 0.1 N 

NaOH in an evacuated vessel for 12 hr at 120" (Africa 
and Carpenter, 1966). The hydrolysate was neutralized 
with 0.2 N HC1 and evaporated to dryness before sub- 
jecting it to amino acid analysis. The protein residue 
remaining after extraction with ethylene chloride was 
hydrolyzed in acid and subjected to amino acid analysis, 
The results of the amino acid analysis on the protein 
hydrolysate are shown in Table 11. The analysis of the 
hydrolyzed thiazolinone afforded one peak correspond- 
ing to methionine. 

Modijed Edman Degradation of' Trialan yl-insulin. 
The trifluoroacetyl salt of trialanyl-insulin (100 mg, 
16.6 pmoles) was dissolved in 40 ml of water. The pH 
was adjusted to 8.0 with 1 N NaOH and maintained 
at 40" and at pH 8.0 in a pH-Stat. Distilled phenyl iso- 
thiocyanate (100 p1, 0.84 mmole) was added to the 
above solution; after 3 hr, a further 100 p1 of the re- 
agent was added. The mixture was stirred under nitro- 
gen for the duration of the reaction. After 6 hr the 
reaction was extracted five times with 20-1111 portions 
of benzene and then once with 15 ml of ether. The 
aqueous phase was frozen and lyophilized. The resul- 
tant product was dried for 20 hr over PzOs in high 
vacuum. The white solid was then dissolved in 10 ml 
of TFA, and the vessel was flushed with dry nitrogen, 
stoppered, and kept at 40" for 1 hr. The solution was 
evaporated to a small volume (-1 ml) and then ex- 
tracted with ethyl acetate (three 30-ml portions). 
The residue, after evaporation of the TFA, was dried 
to yield 75 mg of an amorphous white solid. This 3%3 
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material was dissolved in 9 ml of 0.5 M acetic acid, 
containing 1 mg of zinc acetate, The pH was adjusted 
to 5.8 with 5 M NHIOH and the resultant precipitate 
was permitted to sit at 0" for 20 hr. The white precipi- 
tate was washed with water, acetone, ether, and dried 
to afford 68 mg of a white solid. A sample was sub- 
jected to acid hydrolysis and amino acid analysis 
(Table 11). Biological assays are shown in Table 111 
and chromatographic analysis in Figure 3. 

Prrpuration OJ t-BOC-insulin. Insulin hydrochloride 
(90 mg, 15.0 pmoles) was dissolved in 12 ml of purified 
dimethylformamide to  which was added triethylamine 
(20 mg, 200 pmoles) and t-BOC-azide (780 mg, 5.45 
mmoles). The reaction was allowed to  proceed for 5 
hr at 40" after which time it was cooled to  room 
temperature. The protein was precipitated with ether 
and after isolation by centrifugation the precipitate 

TABLE 111 : Biological Assays. 
. -~ 

Biol Act. (units/mg) 

Mouse 
Convulsion Immuno- 

Derivative Assay assay 

Insulin control 20.4 z#= 4 . 5  23.1 
Trimethionyl-insulin 12 .3  f 1 . 7  15 .3  
Triglutamyl-insulin 8 .3  + 1 . 1  8 . 3  
Trilys yl-insulin 9 . 9  f 2 . 6  11 .5  
Triasparaginyl-insulin 9 . 7  f 2 . 4  14.4 

Trialanyl-insulin 10.0 + 0 . 8  14.1 
Edman-degraded tri- 9 . 0  * 1 . 5  16.3 

alanyl-insulin 

Tri-t-BOC-insulin 5 . 7  f 1 . 3  13 .6  
Regenerated insulin 15.3 f 3 . 0  22.8 
Insulin control 18 .9  i 3 . 2  24.2 3564 

was washed with fresh ether and dried. The white 
solid was subjected to an isoelectric precipitation at 
pH 4.5 by dissolving the solid (90 mg) in 10 ml of 
0.5 M ammonium acetate (pH 6.4) and adjusting the 
pH with 5.0 M acetic acid in the presence of zinc acetate 
(1.0 mg). The resultant white precipitate was isolated 
by centrifugation, washed with water, and lyophilized 
(78 mg, 12.8 pmoles, 85%). The ninhydrin test was 
negative. The biological assay result is shown in Table 
I11 and the chromatographic analysis is given in 
Figure 4. 

Regeneration of' Insulin from t-BOC-insulin. Anhy- 
drous t-BOC-insulin (60 mg, 9.83 pmoles) was dis- 
solved in anhydrous TFA (2 ml) and stirred in a glass- 
stoppered vessel for 2 hr at room temperature. After 
the reaction was cooled in an ice bath, ether was added 
to precipitate the protein. The precipitate was cen- 
trifuged and washed twice with fresh ether and dried. 
The solid product was dissolved in 7.0 ml of 0.5 M 
acetic acid and in the presence of zinc acetate (1.0 mg), 
precipitated a t  p H  5.8 with 5 M ammonium hydroxide. 
This crystalline material (50 mg, 8.62 pmoles, 88z) 
possessed a ninhydrin color value of the same intensity 
as unreacted insulin. On DEAE Sephadex chromatog- 
raphy it behaved in nearly the same fashion as the 
starting insulin (Figure 4). The biological assay result 
is shown in Table 111. 

Results 

Synthesis of' the Triaminoac~l-insulins. With the 
exception of the triglutamyl derivative all of the amino- 
acyl-insulins were synthesized by essentially the same 
procedure: (1) coupling of the t-BOC-amino acid uiu 
the active g-nitrophenyl esters with the free amino 
groups of insulin in dimethylformamide in the presence 
of triethylamine, (2) removal of the t-BOC group in 
anhydrous TFA, and (3) isolation of the product by 
isoelectric precipitation. In the first step a large excess 
of the t-BOC-amino acid p-nitrophenyl ester was used 
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in order to ensure complete reaction of the amino 
groups. The coupled product was readily separated 
from the excess reagent owing to their differential 
solubility in ether. In the second step, involving the 
removal of the t-BOC group in TFA, it was found 
quite essential to rigorously dry the r-BOC derivative 
before dissolving in TFA in order to  obtain complete 
removal of the t-BOC groups in a reasonable amount 
of time. In the third step, the pH of the isoelectric 
precipitation was varied according to the nature of the 
amino acid residues which had been added to the in- 
sulin. For the alanine, asparagine, and methionine 
derivatives, the precipitation was performed at  pH 
5.9 near the normal isoelectric point of insulin. While 
for the lysine and glutamic acid derivatives, isoelectric 
precipitation was performed at pH values of 7.5 and 
4.2, respectively. It should be noted that a control 
sample of insulin was carried through the complete 
procedure with the omission of the acylating agent and 
was recovered in crystalline form with essentially full 
biological activity. 

An extra step was involved in the synthesis of the 
triglutamyl-insulin. In this synthesis, the use of r -  
BOC-glutamic acid y-methyl ester a-p-nitrophenyl 
ester resulted in a derivative in which the y-carboxyl 
groups of the added glutamic acids were present as 
methyl esters. The y-methyl groups were saponified 
at pH 11 before removal of the t-BOC groups in order 
to avoid a possible cyclization reaction (Beecham, 
1954). One should mention, however, that there is 
some possibility of transamidation (transpeptidation) 
occurring during the saponification forming a y- 
glutamyl peptide (Battersby and Robinson, 1955). 

Chemical Characterization. The ninhydrin reaction 
was used to follow the addition of the t-BOC-amino 
acids to the insulin. The fact that a negative ninhydrin 
reaction was given by the t-BOC-aminoacyl derivatives 
indicated that all of the three amino groups of insulin 
had been covered. Amino acid analysis on the amino- 
acyl-insulins (as well as on the t-BOC-aminoacyl- 
insulins) indicated, in each instance, the addition of 
three amino acid residues. This fact along with the 
ninhydrin results is strong evidence that the aminoacyl 
residues have been added to each of the three amino 
groups of insulin and to no other groups (imidazole, 
hydroxyl, or phenolic) of insulin. Two other lines 
of evidence are in agreement with this conclusion. 
When the Edman degradation was performed on 
trirnethionyl- and trialanyl-insulins, only the expected 
amino acids, methionine and alanine, respectively, 
were released in the reaction. This indicates complete 
substitution of the N-terminal glycine and phenylalanine 
of insulin. Furthermore, the product of the Edman 
degradation of trimethionyl- and trialanyl-insulins had 
the amino acid composition of starting insulin which 
indicates that all three of the added residues are subject 
to removal by the Edman degradation. Finally, evi- 
dence for the presence of one of the added residues on 
the €-amino of lysine 29 of B chain was obtained by 
trypsin degradation of the molecule. Trypsin catalyzes 
the hydrolysis of the arginyl bond at position 22 and 

the lysyl bond at position 29 of the B chain to yield 
free alanine, a heptapeptide (Gly-Phe-Phe-Tyr-Thr- 
Pro-Lys) and a large fragment (desoctapeptide-insulin) 
(Young and Carpenter, 1961). When trimethionyl- 
insulin was treated with trypsin, no free alanine was 
released, a nonapeptide with the composition Gly,- 
Phe,Phe,Tyr,Thr,Pro,Lys,Met,Ala and a large frag- 
ment with the composition of desoctapeptide-dimeth- 
ionyl-insulin were produced (Table 11). The failure 
to liberate alanine indicates that the +amino group 
of the lysine is covered (Anfinsen et ul., 1956) and this 
is confirmed by the isolation of the nonapeptide 
containing the added methionine. Thus all of the 
evidence indicates that the triaminoacyl-insulins con- 
tain an additional amino acid residue at each of the 
N-terminal positions of the A and B chains and a 
further residue on the €-amino group of the lysine 
residue at position 29 of the B chain. 

Chromatographic Charucterization. The various in- 
sulin derivatives were subjected to ion-exchange 
chromatography on DEAE Sephadex in buffers con- 
taining urea according to the procedures of Bromer 
and Chance (1967). This system is particularly sensitive 
for the detection of charge differences among various 
insulin preparations. The dashed line in Figure 2 
shows the results obtained on the insulin used as 
starting material in these syntheses. In addition to the 
major peak with an elution value of 610 ml, two 
additional small peaks are eluted at 850 and 1050 ml. 
These are undoubtedly desamido forms of insulin 
which bear additional negative charges and require 
higher salt concentrations to be eluted from the resin. 
The presence of such desamido forms in crystalline 
insulin preparations has long been recognized (Har- 
fenist and Craig, 1952; Harfenist, 1953; Carpenter 
and Chrambach, 1962). As would be expected, the 
trilysyl-insulin which has three additional positive 
charges over that of native insulin is eluted at a much 
lower salt concentration than insulin (solid line of 
Figure 2) while the triglutamyl-insulin which bears 
three additional negative charges is eluted at  a much 
higher salt concentration than insulin (dotted line of 
Figure 2). In each of these derivatives, the major 
portion of the material eluted as a well-defined peak, 
but there were also small amounts of materials eluting 
at higher salt concentrations, which can be attributed 
to the desamido form present in the original prepara- 
tion. It is particularly pertinent to note that neither 
the trilysyl- nor triglutamyl-insulin could have been 
contaminated with any appreciable quantity of unre- 
acted insulin. 

On the Regeneration oj Insulin from Triulanyl-insulin. 
A problem of current investigation in this laboratory 
involves the chemical degradation of the insulin 
molecule from the N-terminal ends. Degradation of 
insulin by the Edman procedure as it is used in peptide 
sequence work (Doolittle, 1965) has led to inactive 
materials.* This loss of activity may be due to the 
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removal of the N-terminal residues or may be due to 
some unknown reaction(s) taking place at  some point 
in the degradation procedure. It occurred to us that 
the triamiooacyl-insulin should serve as ideal model 
compounds to study this reaction. Removal of the 
three amino acid residues should regenerate the original 
insulin structure. If a triaminoacyl-insulin could be 
subjected to a degradation which resulted in the forma- 
tion of a crystalline insulin of full biological activity. 
not only would the degradation procedure be validated, 
but also it would give additional information on the 
nature of the changes involved in the original conver- 
sion of insulin to the triaminoacyl derivatives. With this 
goal in mind, trialanyl-insulin was subjected to a 
modified Edman degradation devised by Mr. Bruce 
Africa of this laboratory. The chief modification in this 
degradation is to perform the reaction with phenyl iso- 
thiocyanate in aqueous solution in a pH-Stat instead 
of in pyridine buffers. The product obtained by the 
application of this procedure to trialanyl-insulin had 
the correct amino acid composition of insulin (Table 
11, column 5) but it was not obtained in crystalline 
form, it possessed only about 50% of the activity of 
native insulin and its chromatographic behavior in 
DEAE Sephadex (Figure 3) showed it to be quite 
heterogeneous with the principal component moving 
somewhat faster than the starting insulin. The inter- 
pretation of these results is somewhat equivocal: 
either approximately 50% of the molecules underwent 
some irreversible change in the synthesis of the tri- 
alanyl-insulin or in its degradation. The latter appears 
more probable but the former cannot be completely 
eliminated. 

t-BOC-insulin. The reaction of t-BOC-azide with 
insulin in dimethylformamide was followed by the 
ninhydrin reaction. The fact that the t-BOC-in- 
sulin was ninhydrin negative indicates that the three 
primary amino groups of insulin were covered in the 
reaction. In analogy with the formation of the tri-t- 
BOC-aminoacyl derivatives, it is presumed that only 
three t-BOC groups were introduced. Although we 
have no direct evidence to indicate that substitution 
did not take place on other, albeit neutral, groups in 
the molecule, experience with t-BOC-azide in peptide 
synthesis would appear to make such reactions unlikely 
(Schroder and Lubke, 1965). The t-BOC-insulin 
formed in this reaction behaved as expected on DEAE 
Sephadex chromatography (Figure 4, dotted line) in 
which the majority of the material was eluted at a 
salt concentration equivalent to that for the emergence 
of triglutamyl-insulin. This is in agreement with block- 
ing of three amino groups to yield a compound possess- 
ing a higher negative charge at  pH 7.5 than insulin, 
The t-BOC-insulin was unique among the derivatives 
reported here in that there was quite poor agreement 
between the biological assays performed by the mouse 
convulsion test (5.7 * 1.3 units/mg) and the immuno- 
assay (13.6 units/mg) (Table 111). Upon treating the 
t-BOC-insulin with anhydrous TFA, a product was 
regenerated which possessed three free amino groups 
(as judged by ninhydrin assay), the correct amino 3566 

acid composition of insulin, the chromatographic be- 
havior of insulin (Figure 4, solid line), the ability 
to crystallize, and a biological activity equivalent to 
that of an insulin control and nearly as high as native 
insulin (Table 111). These results indicate that the t- 
BOC group can be used as a reversible blocking group 
for the amino groups of insulin. 

Biological Actiuity. The results of the bioassays 
(Table 111) show that all of the triaminoacyl-insulins 
possessed about the same activity. In the case of the 
mouse convulsion assay, the activities were about 40- 
50% of the activity usually associated with crystalline 
zinc-insulin (25 units/mg). The immunoassay gave 
slightly higher results. On DEAE chromatography, 
each of these compounds appeared to be as homogene- 
ous as the starting insulin. Because of the marked 
difference in chromatographic behavior between the 
trilysyl- and triglutamyl-insulins and insulin, one can 
report with some assurance that at least in the case 
of these derivatives, their biological activity cannot be 
attributed to contamination with unreacted insulin. 
It should be noted that the biological assays were 
performed on material before it was subjected to 
chromatography in the 7 M urea system. Therefore, 
the decreased activity of these derivatives cannot be 
attributed to irreversible denaturation by urea. The 
chemical and chromatographic tests largely eliminate 
the possibility that some unusual rearrangement is 
taking place which inactivates about half of the mole- 
cules and it therefore appears reasonable to conclude 
that the triaminoacyl-insulins represent essentially 
homogeneous products possessing approximately half 
of the biological activity of native insulin. 

Discussion 

In contrast to earlier procedures for the addition of 
amino acid residues to insulin which made use of the 
Leuchs’ anhydrides and which gave products with 
variable substitution of the amino groups (Fraenkel- 
Conrat, 1953; Virupaksha and Tarver, 1964), the 
procedure presented in this paper yields a product in 
which one amino acid residue has been added to each 
of the amino groups of insulin. The effect of such addi- 
tions on the properties of the molecule is much more 
amenable to interpretation in the case of the present 
synthesis than in the synthesis involving the Leuchs’ 
anhydrides. 

The derivatives reported here involve amino acid 
residues bearing side chains of varying charge, size, 
and hydrophilic-hydrophobic properties. In three of 
the derivatives, neutral amino acid residues were added 
so that the total charge on the resulting molecule was 
the same as that of native insulin. However, among 
the three there was considerable difference in the sire 
of the side chain (alanine DS. methionine) and in their 
hydrophilic properties (asparagine us. methionine). 
In two derivatives, triglutamyl-insulin and t-BOC- 
insulin, the product contained three additional negative 
charges over that of insulin. In another derivative, 
trilysyl-insulin, just the opposite effect was obtained 
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in that three additional positive charges were added to  
the molecule. In view of this wide diversity of properties 
of the substituent groups, it is rather surprising to find 
that all of the derivatives had approximately the same 
biological activity, which was about 50% that of native 
insulin. 

It seems clear that the biological activity of the 
triaminoacyl-insulin must be a property of the prepara- 
tion and not due to  a 5 0 x  contamination with unre- 
acted insulin. It is possible that the reduced activity 
of these compounds is due to  some undetected re- 
arrangement of the molecules not specifically associated 
with the substitution of the amino groups. The fact 
that a control sample, which was subjected to all of the 
procedures with the exception of the acylation reagent, 
was recovered unchanged and with full biological 
activity appears to rule out a solvent-mediated re- 
arrangement. If the modified Edman degradation of 
trialanyl-insulin had yielded material with the complete 
properties of native insulin, the decreased biological 
activity of the triaminoacyl-insulin could have been 
attributed unambiguously to the substitution of the 
amino groups. The fact that this degradation yielded a 
rather heterogeneous material with about 50% of the 
activity of native insulin prevents a rigorous interpreta- 
tion. However, the failure to  regain fully active ma- 
terial is probably attributable to  an  unknown reaction 
in the Edman degradation rather than in the original 
synthesis. 

In the case of the t-BOC-insulin which had a biologi- 
cal activity of 5.7 i 1.3 units/mg in the mouse convul- 
sion assay, it was possible to  regenerate a crystalline 
compound with almost full activity upon removal of 
the t-BOC groups. So in this case the decreased activity 
of t-BOC-insulin must be associated with the addition 
of the t-BOC groups. Fraenkel-Conrat and Fraenkel- 
Conrat (19.50) have reported that acetylation of the 
amino groups in insulin results in only a 25 x decrease 
in biological activity, whereas Mills (1953) found that 
addition of three dinitrotoluene groups resulted in com- 
plete loss of activity. The bioassays indicate that the t- 
BOC group lies in between these two extremes. It should 
be noted that the acetyl group might be removed in the 
body, whereas this would be unlikely for the t-BOC 
or dinitrotoluene groups. 

The decreased activity observed in these derivatives 
may be attributed to  any one of a number of causes. 
A free amino group may be needed for proper binding 
of the hormone to its receptor site. When the amino 
groups are blocked or their relative position changed by 
the addition of new amino acids, the effectiveness in 
the biosystem may be reduced. On the other hand, the 
loss of activity may be caused by steric hindrance 
either by direct interaction with the site of action in the 
biosystem or by effecting a conformational change in 
the molecule which results in a change in the efficiency 
by which the insulin is transported or by which it inter- 
acts with the receptor sites. Current investigations are 
involved with examining the chemical and physical 
properties of these derivatives to  see how they compare 
with native insulin. 

In the compounds reported here the two peptide 
chains of insulin have been extended by the addition 
of one amino acid residue on each amino-terminal end. 
In addition, the compounds also contain an amino 
acid residue attached to  the e-amino group of lysine at 
position 29 of the B chain. I t  would be desirable to 
determine whether the decreased activity of these 
derivatives was a result of extension of the peptide 
chains or due to  substitution of the e-amino group of 
lysine. In view of the fact that several naturally occur- 
ring species of insulin have an additional amino acid 
residue at the amino terminus of the B chain (Smith, 
1966), it is tempting to attribute the decrease in activity 
observed in these derivatives to substitution of the e- 
amino group of lysine. Future investigation will be 
directed to this point. 

It should be noted that in contrast to  most proteins, 
insulin possesses remarkable stability in acid, in mild 
alkali, and in most organic solvents. It is these proper- 
ties which make it possible to  expose it to  the conditions 
encountered in the chemical synthesis of peptides as 
exemplified in the syntheses of the triaminoacyl deriva- 
tives. The formation of t-BOC-insulin by the reaction 
of t-BOC-azide with insulin in dimethylformamide 
is another example of the application of a reagent in 
frequent use in peptide synthesis. In this instance the 
amino groups of insulin are blocked with a group 
which subsequently can be removed without undue 
damage to the molecule. The availability of this re- 
versible blocking agent for the amino groups of insulin 
will make it possible to  perform specific reactions on 
other parts of the molecule, such as addition of amino 
acid residues to the carboxyl end of the molecule, 
without fear of reacting with the amino groups of 
insulin. 

In recent years at least four different groups have 
reported on the total synthesis of insulin (Meienhofer 
et al., 1963; Katsoyannis et al., 1964; Kung et ul., 
1965; Marglin and Merrifield, 1966). The availability 
of these synthetic procedures should greatly abet the 
determination of the relationship of structure to  
biological activity of insulin. However, in all of these 
syntheses, the final step involves the condensation of 
the two chains through the formation of disulfide bonds. 
This final step is not unambiguous in that correct 
pairing of the disulfide bonds is left to chance. When 
the two natural chains are brought together under the 
proper conditions, a portion of the molecules, which is 
greater than would be predicted on statistical basis, 
condenses to give the correct pairing of disulfide 
bonds. Evidently information is contained in the amino 
acid sequence of the two chains which partially directs 
this synthesis. If one attempts to determine the relation- 
ship between structure and biological activity by modi- 
fying the amino acid residues in the two synthetic 
chains, one faces an ambiguity when the two chains 
are condensed. Any changes in the biological activity 
of the final product may have resulted from improper 
matching of the chains rather than to the modification 
of a particular amino acid residue located in a correctly 
paired disulfide-bond structure. Until such time as an 3567 
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unambiguous method of connecting the two chains is 
devised, it would appear that modifications of the 
insulin molecule, such as those presented here, which 
start with the intact structure are likely to yield the 
most interpretable data, 
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