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Abstract: The synthesis and isolation in purified form of [Sar!-Alinsulin, a biologically active analog of sheep insulin, are de-
scribed. This analog differs from the parent molecule in that the N-terminal amino acid residue of the A chain, glycine, has
been replaced with sarcosine. This change which in essence is the replacement of one hydrogen of the amino group of the A!
residue with a methyl group, with a concomitant increase of the basic character of that residue, results in a small decrease of
the biological activity and a more pronounced decrease of the immunoreactivity of insulin (20 and 9 IU/mg, respectively, vs.
23-25 1U/mg for the natural hormone). For the synthesis of this analog, the [Sar!]A chain was synthesized by the fragment
condensation method and isolated as the S-sulfonated derivative. Conversion of the latter compound to the sulfhydryl form
and combination of the reduced product with the S-sulfonated derivative of the B chain of sheep (bovine) insulin afforded the
[Sarl-Alinsulin. Isolation and purification of the insulin analog was accomplished by chromatography on a carboxymethyl-

cellulose column with an exponential sodium chloride gradient.

The importance of the amino acid residues located at the
amino terminal regions of the A and B chains of insulin to
the biological activity has become evident by studies carried
out in several laboratories.’ Our own investigations have
shown that removal of the N-terminal tetrapeptide se-
quence from the A chain results in complete inactivation of
the molecule.* Of particular interest was our finding that
replacement of the a-amino group of the N-terminal gly-
cine by hydrogen results in a substantial decrease of the bi-
ological activity of the hormone’ (7-10 IU/mg vs. 23-25
IU/mg for the natural compound). Similarly, removal of
the N terminus of the A chain, glycine, leads to a 90% loss
of the biological activity of insulin.® On the other hand,
elimination of the N-terminal amino acid residue of the B
chain does not cause any appreciable change in the biologi-
cal activity of the hormone.” These data therefore clearly
demonstrate that the A! residue is critically involved in the
maintenance of high biological activity of insulin. It ap-
pears, however, that the amino group at A! is not per se in-
volved with the manifestation of high biological activity of
insulin. Indeed, modification of the amino group of glycine
A! with a variety of acyl groups does not strikingly affect
the biological potency and immunoreactivity of the hor-
mone.>%9 The preparation of numerous analogs of insulin
with the A! amino group modified indicates that the rela-
tive size of the modifying acyl group affects the biological
profile of the hormone and that large acyl groups decrease
the biological activity of insulin.® These results led to the
speculation® that the N-terminal residue of the A chain is
involved in the stabilization of the ‘“active site” of insulin
and that this site is affected either by conformational
changes and/or a steric effect of the large acyl groups at

1

Characteristic of almost all insulin analogs involving
modifications at A! that have been prepared thus far is that
they no longer possess a basic group at Al. It was therefore
of interest to investigate the effect on the biological activity
and immunogenicity of insulin of modifications at A! that
increase the basic character of that residue. This investiga-

tion describes the synthesis, isolation in pure form, and bio-
logical evaluation of such an analog, [Sar!-A] sheep insulin,
which differs from the parent molecule in that the N termi-
nus of the A chain, glycine (pK2 = 9.6), has been replaced
with sarcosine (pK, = 10.00). By the mouse convulsion
assay method this analog was found to possess a potency of
20 IU/mg. By the radioimmunoassay method [Sar!-A]in-
sulin possesses a potency of 9 IU/mg (vs. 23-25 IU/mg for
the natural hormone). It thus becomes apparent that re-
placement of one hydrogen of the amino group of the A!
residue with a methyl group with a concomitant increase of
the basic character of that residue results in but a modest
decrease of the biological activity and a more pronounced
decrease of the immunogenicity of insulin. It is interesting
to note that a parallel situation exists with another insulin
analog, the [Arg-Gly*!]insulin, where one hydrogen of the
amino group at the A! residue is replaced with the basic ar-
ginine residue.!® In this case, too, there is a more pro-
nounced decrease of the immunogenicity than of the biolog-
ical activity of the molecule (60 vs. 40%). The synthesis of
several insulin analogs modified at the A! residue is, of
course, required before a firm conclusion regarding such a
relationship between chemical structure, biological activity,
and immunogenicity is established.

General Aspects of the Synthesis. [Sar!-A] sheep insulin
was prepared by combination of the S-sulfonated form of
the B chain of bovine (sheep) insulin with the sulfhydryl
form of the [Sar!]A chain of sheep insulin. The S-sulfonat-
ed bovine B chain, which is identical with the respective
chain of sheep insulin,!:!2 was prepared by oxidative sulfi-
tolysis of bovine insulin, followed by separation of the re-
sulting S-sulfonated derivatives of the A and B chains by
continuous flow electrophoresis. The sulfitolysis of insulin
and the separation of the resulting A and B chain deriva-
tives have been described in previous communications from
this laboratory.!® The synthesis of the [Sar!]A chain with
its functional groups protected (XII) was accomplished by
the classical methods of peptide synthesis, namely, a combi-
nation of the “stepwise elongation’ and “fragment conden-
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sation” approaches, and was patterned after that of the nat-
ural sheep and human A chains.!4!® The overall scheme
which was used for the construction of the protected chain
XII is summarized in Chart I.

The C-terminal decapeptide fragment!® Illa (sequence
12-21) was allowed to react with the tripeptide derivative
IIT (sequence 9-11) by the azide method to give the pro-
tected dodecapeptide fragment IV (sequence 9-21). De-
blocking of the latter compound and coupling of the result-
ing derivative with the adjacent tetrapeptide fragment VIII
(sequence 5-8) by the azide method afforded the protected
heptadecapeptide derivative IX (sequence 5-21). Selective
deblocking at the amino end of this derivative and azide
coupling of the resulting product with the N-terminal tetra-
peptide fragment XI (sequence 1-4) gave the fully pro-
tected heneicosapeptide XIa which, on exposure to trifluo-
roacetic acid, was converted to the desired product XII. Re-
moval of the blocking groups, namely, benzyloxycarbonyl,
S-benzyl, y-benzyl, and p-nitrobenzyl ester, from the pro-
tected chain derivative XII was accomplished by the so-
dium-liquid ammonia method.!” The deblocked heneicosa-
peptide was converted to the S-sulfonated derivative XIII
by oxidative sulfitolysis.!®'®8 The S-sulfonated [Sar!]A
chain was purified by chromatography on Sephadex G-15.

Amino acid analysis of the purified S-sulfonated chain
after acid hydrolysis gave a composition expressed in molar
ratios in agreement with the theoretically expected values
(Table I). Digestion of this material with leucine aminopep-
tidase and amino acid analysis of the digest showed that the
constituent amino acids were present in the theoretically ex-
pected ratios and thus established the stereochemical homo-
geneity of the synthetic chain within the limits of error of
the enzymatic technique (Table I). On thin-layer chroma-
tography in two solvent systems (Figures 1 and 2) and on
high-voltage thin-layer electrophoresis at two pH values
(Figures 3 and 4) the synthetic product exhibited a single
Pauly-positive spot.

Isolation of the Insulin Analog. The conversion of the
[Sar!]A chain S-sulfonate to its sulfhydryl form and its

Table I. Amino Acid Composition? of an Acid Hydrolysate and a
Leucine Aminopeptidase Digest of the S-Sulfonated [Sar'] A Chain
of Sheep Insulin

Acid hydrolysis Enzymatic Hydrolysis

Amino acid Theory Found Theory Found
Aspartic acid 2.0 1.9 0 0
Sarcosine 1.0 1.1 1.0] Emerge on the
Glutamine 0 0 2.0; same position
Asparagine 0 0 2.0) and not deter-

mined
Serine 1.0 0.80 1.0 0.9¢
Glutamic acid 4.0 4.2 2.0 2.1
Glycine 1.0 1.1 1.0 1.0
Alanine 1.0 1.1 1.0 1.0
Half-cystine 4.0 2,95 0 0
Valine 2.0 1.7 2.0 2.0
Isoleucine 1.0 0.7 1.0 1.1
Leucine 2.0 1.9 2.0 2.0
Tyrosine 2.0 1.62 2.0 1.9
S-Sulfocysteine 0 0 4.0 4.2

a Number of amino acid residues per molecule. 2 Uncorrected for
destruction. ¢ Separated from glutamine, asparagine, and sarcosine in
a 30° chromatographic run.

combination with the S-sulfonated B chain to produce the
[Sar!-A] sheep insulin was carried out by the procedures
developed in this laboratory.!®=2! Isolation of the insulin an-
alog from the combination mixture in purified form was ac-
complished by chromatography on a CM-cellulose column
using an acetate buffer (pH 3.3) and an exponential NaCl
gradient, as we have described previously.!*-?! The chroma-
tographic profile obtained is shown in Figure 5. The insulin
analog was isolated from the effluent via picrate as the hy-
drochloride by the procedure described previously.!9!

Amino acid analysis of the purified [Sar!-A]insulin after
acid hydrolysis gave a composition expressed in molar ratios
in agreement with the theoretically expected values (Table
II). On thin-layer electrophoresis the synthetic analog
moved as a single component (Figure 6).
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Figure 1. Thin-layer chromatography of natural bovine A chain S-sul-
fonate (a) and synthetic [Sar']A chain S-sulfonate (b) in the system
1-butanol-pyridine-acetic acid—-water (30:20:6:24).

Table II. Amino Acid Composition? of an Acid Hydrolysate of the
[Sar'-A] Sheep Insulin

Amino acid Theory Found
Lysine 1 1.0
Histidine 2 1.8
Arginine 1 1.0
Aspartic acid 3 2.7
Threonine 1 1.0
Serine 2 2.1
Sarcosine 1 1.2
Proline 1 1.0
Glutamic acid 7 6.9
Glycine 4 4.3
Alanine 3 3.2
Half-cystine 6 4.0b
Valine 5 4.7
Isoleucine 1 0.8
Leucine 6 5.9
Tyrosine 4 3.3b
Phenylalanine 3 3.0

@ Number of amino acid residues per molecule. ® Uncorrected
for destruction.

Experimental Section

Capillary melting points were determined for all peptide deriva-
tives and are not corrected. Optical rotations were taken with a
Zeiss photoelectric precision polarimeter. Thin-layer chromatogra-
phy was performed on 6060 silica gel (Eastman Chromagram
Sheet, Eastman Kodak Co., Rochester, N.Y.). The following sol-
vent systems were used: (A) 1-butanol-pyridine-acetic acid-water
(30:20:6:24) and (B) 1-butanol-pyridine-acetic acid-water (4:1:
1:2). The homogeneity of all intermediate peptide derivatives, de-
blocked at the amino end, was ascertained by thin-layer chroma-
tography in both the above-mentioned solvent systems. In all syn-
thetic steps, coupling of the fragments was followed by detection of
the amino component present with ninhydrin; completion of the
reaction was indicated by a negative ninhydrin test. Thin-layer

Figure 2. Thin-layer chromatography of the S-sulfonates of natural bo-
vine A chain (a) and synthetic [Sar']A chain (b) in the system 1-buta-
nol-pyridine-acetic acid-water (4:1:1:2).

electrophoresis was performed by a method developed in this labo-
ratory?? and was carried out with a Wieland-Pfleiderer pherograph
(Brinkmann Instruments, Westbury, N.Y.). Amino acid analyses
were performed in a Beckman-Spinco amino acid analyzer (Model
120C), equipped with a digital readout system, according to the
method of Spackman et al.?32 Acid hydrolysis and calculations of
molar ratios were carried out as described previously.!? For the en-
zymatic digestion with leucine aminopeptidase, the method of Hill
and Smith?3® was employed with a chromatographically purified
enzyme from Worthington Biochemical Corp., Freehold, N.J. Pre-
swollen microgranular CM-cellulose (Whatman CM 52/1) and
Sephadex G-15 (Pharmacia Uppsala) were used. The washing of
the resins and the preparation of the columns and of the buffers
used were described previously.'®!® The column eluates were con-
tinuously monitored with a Gilford recording spectrophotometer at
278 nm. Sodium tetrathionate was prepared as described by Gil-
man et al.?* tert-Butoxycarbonylamino acids were purchased from
Cyclo Chemical Corp. Protein determinations were carried out by
the method of Lowry et al.2* Biological assays were carried out by
the mouse convulsion method as has been described previously.2%:2!
For radioimmunoassays the method of Hales and Randle?® was
employed using an “insulin immunoassay kit” (Amersham/Searle
Co.). Crystalline bovine insulin was generously provided by Eli
Lilly and Co. The following abbreviations are used: Z, benzyloxy-
carbonyl; Bzl, benzyl; Boc, tert-butoxycarbonyl; Bu’, tert-butyl;
Me, methyl; Np, p-nitrophenyl; Me;Fam, dimethylformamide;
Me,SO, dimethyl sulfoxide.
N-tert-Butoxycarbonyl-L-valyl-S-benzyl-L-cysteine Methyl
Ester (I). To a solution of N-tert-butoxycarbonyl-L-valine (10.4 g)
in tetrahydrofuran (75 ml) containing triethylamine (7 ml) cooled
to —20°, isobutyl chloroformate (6.7 ml) was added. The reaction
mixture was stirred for 15 min (—20°) and added to a cold solution
(0°) of S-benzyl-L-cysteine methyl ester (prepared from 13.1 g of
the corresponding hydrochloride??) in Me;Fam (50 ml). After 30
min at 0° and 3 hr at room temperature, the solvent was removed
by evaporation in vacuo and the remaining product was mixed with
ethyl acetate (500 ml) and water (150 ml). The organic layer was
washed successively with 10% citric acid, saturated NaHCO3, and
water, dried, and concentrated to dryness in vacuo. Addition of
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Figure 3. High-voltage thin-layer electrophoresis of natural bovine A
chain S-sulfonate (a) and synthetic [Sar']A chain S-sulfonate (b): 0.5
N acetic acid, 3500 V, 20 min.

Figure 4. High-voltage thin-layer electrophoresis of the S-sulfonates of
natural bovine A chain (a) and synthetic [Sar']A chain (b): 0.01 M
NH4HCO3, adjusted to pH 10 with NH4OH, 2900 V, 18 min.

ether and petroleum ether caused the crystallization of the prod-
uct: wt 13.5 g (64%); mp 112-115°; [«]**D —59.7° (¢ 1, metha-
nol).
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Figure 5. Chromatography of a combination mixture of the sulfhydryl
form of sheep [Sar']A chain with the S-sulfonated sheep (bovine) B
chain on a 0.9 X 23 cm CM-cellulose column with acetate buffer (pH
3.3, [Na*] 0.024 M) and an exponential NaCl gradient. Two combina-
tion mixtures (see Experimental Section) were processed. The column
effluent was monitored by a Gilford recording spectrophotometer and
by a conductivity meter (Radiometer, Copenhagen). The [Sar'-A]
sheep insulin (175-250 ml of effluent) was recovered as the hydrochlo-
ride.

Figure 6. High-voltage thin-layer electrophoresis of natural bovine in-
sulin (a) and synthetic [Sar'-A] sheep insulin (b): 0.5 N acetic acid,
3500 V, 15 min.

Anal. Caled for C5;H33N>05S: C, 59.4; H, 7.60; N, 6.6. Found:
C, 59.6; H, 7.86; N, 6.8.

N-tert-Butoxycarbonylglycyl-L-valyl-S-benzyl-L-cysteine ‘Meth-
yl Ester (II). A solution of compound I (13.4 g) in trifluoroacetic
acid (25 ml) was stored at room temperature for 1.5 hr and then
concentrated to dryness in vacuo. To a solution of the residue in
Me;Fam (50 ml) cooled to 0°, triethylamine (7 ml) was added fol-
lowed by N-tert-butoxycarbonylglycine p-nitrophenyl ester?®

Okada, Katsoyannis | [Sar'-A]Insulin
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(10.9 g). After 40 hr at room temperature the solvent was removed
by evaporation in vacuo and the residue was treated with 1 N
NH4OH. The crystalline product was isolated by filtration,
washed successively with 1 A NH4OH and water, and recrystal-
lized from methanol; wt 13.4 g (88%); mp 171-173° [a]?¢D
—23.9° (¢ 1, MeyFam).

Anal. Caled for C3H3sN3OgS: C, 57.4; H, 7.33; N, 8.7. Found:
C, 57.3; H,7.25; N, 8.7.

N-tert-Butoxycarbonylglycyl-L-valyl-S-benzyl-L-cysteine  Hy-
drazide (III). Compound II (10 g) was dissolved in Me;Fam (30
ml) and treated with hydrazine hydrate (5 ml) at room tempera-
ture for 24 hr. Upon removal of the solvent in vacuo and tritura-
tion of the residue with methanol, 8.9 g (89%) of product was ob-
tained: mp 161-163°; [«]?6D —20.7° (¢ 1, Me;Fam).

Anal. Caled for CyH3sNsOsS: C, 54.9; H, 7.33; N, 14.5.
Found: C, 54.7; H, 7.36; N, 14.4.

Amino acid analysis of an acid hydrolysate showed the following
composition expressed in molar ratios: Glyj o, Val; o, S-benzylcys-
teineo 7 (average amino acid recovery, 94%).

N-tert-Butoxycarbonylglycyl-L-valyl-S-benzyl-L-cysteinyl-L-
seryl-L-leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-y-benzyl-L-gluta-
myl-L-asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-asparagine p-
Nitrobenzyl Ester (IV), A solution of N-fer:-butoxycarbonyl-L-
seryl-L-leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-y-benzyl-L-gluta-
myl-L-asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-asparagine
p-nitrobenzyl ester!® (1.7 g) in trifluoroacetic acid (7 ml) was
stored at room temperature for 1 hr. Addition of ether (400 ml) to
the reaction mixture caused precipitation of the trifluoroacetate of
the decapeptide derivative IIla which was collected by filtration,
washed with ether, and dried over KOH in vacuo. To a cooled (0°)
solution of this product in Me;Fam (10 ml) triethylamine (0.28
ml) was added, followed by the tripeptide azide prepared as fol-
lows. III (0.53 g) was dissolved in cold MesFam (7 ml) containing
1 N HCl in Me;Fam (2.5 ml) and the solution was cooled to —15°
and mixed with isoamyl nitrite (0.15 ml). After 5 min at —15° the
reaction mixture was neutralized with triethylamine (0.31 ml) and
added to the solution of the deblocked decapeptide ester prepared
as described previously. The reaction mixture was stirred at 4° for
24 hr and then mixed with another portion of tripeptide azide pre-
pared from the corresponding hydrazide (0.24 g) in exactly the
same way described above. After 24 hr at 4° the reaction mixture
was poured into methanol (500 ml) and the precipitated product
was isolated by centrifugation, washed with methanol, and repreci-
pitated from dimethylformamide-methanol: wt 1.6 g (85%); mp
270-276° dec; [«]25D —27.8° (c 1, Me,S0O).

Anal. Caled for C97H125N1702652-2H20: C, 57.0; H, 6.35; N,
11.6; O, 21.9. Found: C, 56.9; H, 6.23; N, 11.7; O, 22.3.

Amino acid analysis after acid hydrolysis showed the following
composition expressed in molar ratios: Asp,o, Sergs, Gluao,
Glyoo, Valos, Leuzq, Tyris, S-benzylcysteine; ¢ (average amino
acid recovery, 87%.)

N-tert-Butoxycarbonyl-S-benzyl-L-cysteinyl-L-alanine Methyl
Ester (V), A solution of L-alanine methyl ester hydrochloride (28
g) in methanol (35 ml) was treated with triethylamine (28 ml).
The precipitated triethylamine hydrochloride was filtered off and
the filtrate was concentrated to dryness in vacuo. To a solution of
this residue in MesFam (100 ml) cooled to —10° N-tert-butoxy-
carbonyl-S-benzyl-L-cysteine (62.2 g) was added followed by
N,N’-dicyclohexylcarbodimide (49.5 g). After 24 hr at room tem-
perature the precipitated by-product was filtered off and the fil-
trate was concentrated to dryness under reduced pressure. The res-
idue was dissolved in a mixture of ethyl acetate (400 ml) and water
(100 ml) and the organic layer was washed successively with 10%
citric acid, saturated NaHCOs3, and water. Upon removal of the
solvent under reduced pressure and trituration of the residue with
petroleum ether, 60 g (76%) of crystalline product was obtained:
mp 95-97°; [«] 26D —37.4° (¢ 1, methanol).

Anal. Caled for C19H,3N20sS: C, 57.6; H, 7.12; N, 7.1. Found:
C,57.6;H,7.12; N, 7.3.

N-tert-Butoxycarbonyl-S-benzyl-L-cysteinyl-S-benzyl-L-
cysteinyl-L-alanine Methyl Ester (VI). Compound V (15.9 g) was
dissolved in trifluoroacetic acid (25 ml). After 1 hr the trifluo-
roacetic acid was removed under reduced pressure and the residue
was dried over KOH in vacuo. To a solution of this product in
MeyFam (50 ml) triethylamine (5.6 ml) was added followed by
N-tert-butoxycarbonyl-S-benzyl-L-cysteine p-nitrophenyl ester?®

(18 g). After 24 hr at room temperature the solvent was removed
under reduced pressure and the residue triturated with ether. The
crystalline product thus obtained was recrystallized from metha-
nol-ether: wt 20 g (83%); mp 120-123°; [«]?*D —53.5° (c 1,
methanol).

Anal. Caled for C29H39N306522 C, 59‘]; H, 6.67; N, 7.1.
Found: C, 59.1; H, 6.85; N, 7.2.

N-tert-Butoxycarbonyl-L-glutaminyl-S-benzyl-L-cysteinyl-S-
benzyl-L-cysteinyl-L-alanine Methy! Ester (VII). Compound VI (15
g) was dissolved in trifluoroacetic acid (20 ml). After | hr the tri-
fluoroacetic acid was removed under reduced pressure and the resi-
due was dried over KOH in vacuo and then dissolved in MeyFam
(35 ml). To this solution triethylamine (7 ml) was added followed
by N-tert-butoxycarbonyl-L-glutamine p-nitrophenyl ester3? (9.6
g). After 24 hr at room temperature, the reaction mixture was con-
centrated under reduced pressure to a small volume and mixed
with 1 ¥ NH4OH (500 ml). The precipitated crystalline product
was collected by filtration, washed with 1 ¥ NH4OH and water,
and recrystallized from methanol: wt 14.9 g (82%); mp 192-195°;
[@]?D —51.6° (¢ 1, MeyFam).

Anal. Caled for C34H47N50352: C, 56.9; H, 6.60; N, 9.8,
Found: C, 37.0; H, 6.83; N, 9.9,

N-tert-Butoxycarbonyl-L-glutaminyl-S-benzyl-L-cysteinyl-S-
benzyl-L-cysteinyl-L-alanine Hydrazide (VIII), A solution of com-
pound VII (10 g) in Me;Fam (50 ml) containing hydrazine hy-
drate (5 ml) was stored at room temperature for 24 hr. The precip-
itated product was isolated by filtration and washed with metha-
nol: wt 9.8 g (98%); mp 235-237° dec; [a]?D —32.9° (¢ 1,
MezFam).

Anal. Caled for C33H4sN704S,: C, 55.2; H, 6.60; N, 13.7.
Found: C, 55.1; H, 6.48; N, 14.0.

Amino acid analysis of an acid hydrolysate showed the following
composition expressed in molar ratios: Gluj o, Alaj g, S-benzylcys-
teine; s (average amino acid recovery, 96%).

N-tert-Butoxycarbonyl-L-glutaminyl- S-benzyl-L-cysteinyl-S-
benzyl-L-cysteinyl-L-alanylglycyl-L-valyl-S-benzyl-L-cysteinyl-L-
seryl-L-leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-y-benzyl-L-gluta-
myl-L-asparaginyl-L-tyrosyl-S-benzyl-L-cysteinyl-L-asparagine p-
Nitrobenzyl Ester (IX). A solution of the protected tridecapeptide
IV (3 g) in trifluoroacetic acid (25 ml) was stored at room temper-
ature for 1.5 hr and then poured into ether (500 ml). The precipi-
tated partially protected tridecapeptide derivative was isolated,
washed with ether, and dried over KOH in vacuo. To a cold solu-
tion of this product in a mixture of Me;Fam (10 ml) and Me,SO
(10 ml) containing triethylamine (0.42 ml) was added the tetra-
peptide azide prepared as follows. The protected tetrapeptide hy-
drazide VIII (1.22 g) was dissolved in a mixture of Me;Fam (10
ml) and Me,SO (10 ml) containing 1 N HCl in MesFam (3.4 ml).
This solution was cooled to —10°, mixed with isoamyl nitrite (0.23
ml), and after 5 min was neutralized with triethylamine (0.48 ml)
and added to the solution of the tridecapeptide derivative prepared
as described previously. After 72 hr at 4° the reaction mixture was
poured into methanol (800 ml) and the precipitated protected hep-
tadecapeptide was isolated by centrifugation, washed with metha-
nol, and dried: wt 3.3 g (85%); mp 277-278° dec; [a]**D —31.1°
(c 1, Me,S0).

Anal, Calcd for C125H160N22031S42 C, 57.9; H, 6.21, N, 11.9.
Found: C, 57.6; H, 6.33; N, 11.8.

Amino acid analysis of an acid hydrolysate showed the following
composition expressed in molar ratios: Aspio, Seros, Glusp,
Glyy o, Alarp, Valjy, Leujo, Tyr; 4, S-benzylcysteines s (average
amino acid recovery, 90%).

N-Benzyloxycarbonylsarcosyl-L-isoleucyl-L-valyl-y-ter¢-butyl-
L-glutamic Acid Methyl Ester (X), A solution of N-benzyloxycar-
bonyl-L-isoleucyl-L-valyl-y-terz-butyl-L-glutamic  acid methyl
ester3! (5.6 g) in methanol (100 ml) was hydrogenated over 10%
palladium-on-charcoal catalyst (1 g). After | hr, the catalyst was
filtered off and the filtrate evaporated to dryness in vacuo. To a
cold solution of this residue in Me;Fam (30 ml) N-benzyloxycar-
bonylsarcosine3? (2.2 g) was added followed by N,N’-dicyclohexyl-
carbodimide (2.5 g). After 24 hr at room temperature the precipi-
tated by-product was filtered off and the filtrate was concentrated
to dryness under reduced pressure. Trituration of the residue with
petroleum ether and reprecipitation of the resulting material from
ethyl acetate-petroleum ether gave 3.1 g (50%) of product: mp
185-188°; [«] %D —58.7° (¢ 1, methanol).

Journal of the American Chemical Society [ 97:15 | July 23, 1975



Anal. Caled for C32HsoN4Oo: C, 60.6; H, 7.94; N, 8.8. Found:
C,60.5,H,7.87; N, 9.0.

N-Benzyloxycarbonylsarcosyl-L-isoleucyl-L-valyl-v-ter¢-butyl-
L-glutamic Acid Hydrazide (XI), Compound X (2 g) was dissolved
in MeyFam (15 ml), hydrazine hydrate (1 ml) added, and the solu-
tion stirred at room temperature for 48 hr. The precipitated prod-
uct was collected by filtration and washed with water: wt 1.9 g
(95%); mp 245-247° dec; [@]?D —19.4° (¢ 1, MezFam).

Anal. Caled for C31HsoNgOs: C, 58.7; H, 7.94; N, 13.2. Found:
C,58.8;H,7.87; N, 13.1.

Amino acid analysis after acid hydrolysis gave the following
molar ratios: Gluyo, Valyg, Ile; o, Sario (average amino acid re-
covery, 93%).

N-Benzyloxycarbonylsarcosyl-L-isoleucyl-L-valyl-L-glutamyl-
L-glutaminyl-S-benzyl-L-cysteinyl-S-benzyl-L-cysteinyl-L-alanyl-
glycyl-L-valyl-S-benzyl-L-cysteinyl-L-seryl-L-leucyl-L-tyrosyl-L-
glutaminyl-L-leucyl-y-benzyl-L-glutamyl-L-asparaginyl-L-tyrosyl-
S-benzyl-L-cysteinyl-L-asparagine p-Nitrobenzy! Ester (XII). A so-
lution of the protected heptadecapeptide IX (0.52 g) in trifluo-
roacetic acid (10 ml) was stored at room temperature for 30 min
and then poured into ether (300 ml). The precipitated product was
collected, washed with ether, and dried over KOH in vacuo. To a
solution of this solid in a mixture of MesFam (7 ml) and Me,SO
(7 ml) cooled to 0°, triethylamine (0.03 ml) was added followed by
the protected tetrapeptide azide prepared as follows. Tetrapeptide
hydrazide XI (0.26 g) was dissolved in a mixture of Me;Fam (5
ml) and Me;SO (5 ml). To this solution cooled to —10°, | N HCI
in MeyFam (0.8 ml) was added, followed by isoamyl nitrite (0.06
ml). After 5 min the reaction mixture was neutralized with trieth-
ylamine (0.14 ml) and subsequently added to the partially pro-
tected heptadecapeptide prepared as described previously, The
reaction mixture was stirred for 48 hr at 4° and then poured into
methanol (300 ml). The precipitated heneicosapeptide XIa was
isolated by centrifugation, washed with methanol, and dried. A so-
lution of this solid in trifluoroacetic acid (15 ml) was stored at
room temperature for 30 min and then poured into ether (300 ml).
The precipitated partially protected heneicosapeptide XII was iso-
lated, washed with ether, and dried: wt 0.43 g (70%); mp 287-291°
dec; [a] %D —41.2° (¢ 1, hexamethylphosphoramide).

Anal. Caled for C147H190N26037S4-4H20: C, 56.7; H, 6.41; N,
11.7; 0, 21.1. Found: C, 56.6; H, 6.64; N, 12.1; O, 21.1.

An acid hydrolysate gave the following composition expressed in
molar ratios: Aspz.o, Seros, Sarjo, Glus, Glyy, Alay;, Valyg,
Ileg.7, Leuy s, Tyri.2, S-benzylcysteines » (average amino acid re-
covery, 92%.)

Sarcosyl-L-isoleucyl-L-valyl-L-glutamyl-L-glutaminyl-S-sulfo-
L-cysteinyl-S-sulfo-L-cysteinyl-L-alanylglycyl-L-valyl-S-sulfo-L-
cysteinyl-L-seryl-L-leucyl-L-tyrosyl-L-glutaminyl-L-leucyl-L-gluta-
myl-L-asparaginyl-L-tyrosyl-S-sulfo-L-cysteinyl-L-asparagine
(Sheep Insulin [Sar!]A Chain S-Sulfonate) (XIII). The reduction of
the partially protected heneicosapeptide XII and the oxidative sul-
fitolysis of the reduced product was carried out as described pre-
viously.!4 Briefly, the thoroughly dry compound XII (300 mg) was
dissolved in anhydrous liquid ammonia (250 ml) in a 500-ml
round-bottomed flask fitted for magnetic stirring. Reduction was
accomplished at the boiling point of the solution, by adding small
pieces of sodium into the solution until a faint blue color appeared
throughout. The blue color was allowed.to persist for 10 sec and
was then discharged by the addition of a few crystals of ammo-
nium chloride. The solution was concentrated at atmospheric pres-
sure to dryness and the residue dried in vacuo and dissolved in 8 M
guanidine hydrochloride (25 ml). To this solution, adjusted to pH
8.9 with 1 ¥ NH4OH or acetic acid (depending on the pH of the
solution) sodium sulfite (1.5 g) and freshly prepared sodium tetra-
thionate (0.75 g) were added. The reaction mixture was stirred at
room temperature for 20 hr and then placed in a Visking 18/32 di-
alysis tubing and dialyzed against four changes of distilled water
(4 1. each) at 4° for 20 hr. Upon lyophilization of the dialysate, the
crude [Sarl]A chain S-sulfonate (XIII) was obtained as a white
powder. For purification the lyophilized material was dissolved in
0.015 M ammonium bicarbonate (5 ml) and chromatographed on
a Sephadex G-15 column (2.2 X 45 c¢m), equilibrated, and eluted
with 0.015 M ammonium bicarbonate at a flow rate of about 40
ml/hr. The elution pattern of this column, as determined by moni-
toring the effluent by a Gilford recording spectrophotometer, indi-
cated the presence of a single component. Lyophilization of the ef-
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fluent gave the purified [Sar!]A chain S-sulfonate (XIII) as a
white powder: wt 218 mg (82% based on XII used); [«]?°D —82.1°
(¢ 0.1, water). Amino acid analysis of an acid hydrolysate gave the
molar ratios shown in Table I. Digestion of the synthetic chain
with leucine aminopeptidase and amino acid analysis of the digest
gave the molar ratios shown in Table I. It is apparent that the syn-
thetic product was completely digested by the enzyme indicating
that the stereochemical purity of the constituent amino acid was
preserved during the synthetic processes. On thin-layer chromatog-
raphy in systems A (Figure 1) and B (Figure 2), the synthetic
chain exhibited a single Pauly-positive spot and had a mobility
similar to that of the natural bovine A chain S-sulfonate. On thin-
layer electrophoresis in 0.5 N acetic acid and 3500 V (Figure 3)
and in 0.1 M NH4HCO; (pH 10) and 2900 V (Figure 4), the syn-
thetic chain moved as a single component and had a mobility
slightly different than that of the corresponding natural bovine
chain.

S-Sulfonated Derivatives of the A and B Chains of Bovine Insulin,
These compounds were prepared by oxidative sulfitolysis of bovine
insulin followed by electrophoretic separation of the resulting S-
sulfonated chains as described previously.!> The B chain of bovine
insulin is identical with the corresponding chain of sheep insu-
lin.11.12

Synthesis and Isolation of [Sarl-A] Sheep Insulin, The synthesis
of this analog by the interaction of the sulfhydryl form of the
[Sar']A chain with the S-sulfonated form of the B chain was car-
ried out as described previously.!%-20 In a typical experiment 20 mg
of the S-sulfonated [Sar!]A chain was converted to the sulfhydryl
form upon exposure to 2-mercaptoethanol (6-8 min, pH 5.0, 100°)
and allowed to react with 5 mg of the S-sulfonated B chain. The
combination mixture was processed as we have reported in detail
previously.!®2! Isolation of the insulin analog from the combina-
tion mixture was accomplished by chromatography on a 0.9 X 23
c¢m CM-cellulose column with an acetate buffer (0.024 M, pH 3.3)
and an exponential NaCl gradient, according to the procedure we
have reported previously.!2! Chromatography of two combination
mixtures, each corresponding to the amounts of materials indicat-
ed above, gave the pattern shown in Figure 5. The [Sar!-A] sheep
insulin is eluted with the application of the gradient and was isolat-
ed from the effluent (175-250 ml) via picrate as the hydrochloride
(1.23 mg) following the procedure described previously.2!

Amino acid analysis of this analog after acid hydrolysis gave a
composition expressed in molar ratios shown in Table 1, in good
agreement with the theoretically expected values. On thin-layer
electrophoresis in 0.5 N acetic acid and 3500 V the insulin analog
moved as a single component (Pauly reaction) and had a slightly
different mobility than bovine insulin (Figure 6). The [Sarl-A]
sheep insulin by the mouse convulsion assay method was found to
possess a potency of 20 IU/mg and by the radioimmunoassay
method had a potency of 9 IU/mg.
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Abstract: The building blocks for anthramyein, an antitumor antibiotic produced by a strain of Strepromyces refuineus, have
been shown to be L-tryptophan, probably via 3-hydroxyanthranilic acid, L-tyrosine which loses two of its aromatic carbons,
and L-methionine which contributes two methyl groups. While one of the two methyl groups is transferred intact, the other
loses all of its hydrogens and becomes the carbonyl of an amide group. A mechanism involving extradiol cleavage of Dopa is
proposed on the basis of double labeling and stable isotope experiments. A general scheme for the biosynthetic origin of the
C3-proline moieties of anthramycin, lincomycin A, and sibiromycin and the C-proline moieties of tomaymycin and lincomy-

cin B is proposed.

Anthramycin (Ia) is an antitumor antibiotic produced by
Streptomyces refuineus var thermotolerans.? The structure
and stereochemistry of anthramyecin have been elucidated>#
and the total synthesis of anthramycin has been reported.’
Anthramycin has been shown to possess antitumor,® antibi-
otic,® amebicidal,® and chemosterilant properties.” All the
biological properties of the antitumor agent can be attrib-
uted to the effect of anthramycin on nucleic acid biosynthe-
sis. Anthramycin appears to act by virtue of its ability to
bind to DNA and therefore interfere with the function of
DNA 810 Anthramycin causes inhibition of DNA and
RNA synthesis in both bacterial and mammalian cells.
However, the synthesis of RNA is most powerfully af-
fected.!!

The biosynthetic origin of the non-4-methyl-3-hydroxy-
anthranilic acid part of anthramycin was of prime interest
in this investigation. A similarly structured element can be
found in tomaymycin (II),'2 sibiromycin (III),!? and the
lincomycin group of antibiotics (IVa,b).!* (See Chart 1.)
This structural similarity might suggest a common biogene-
tic origin for all of these antibiotics. The biogenetic origin
of the propylproline group of lincomycin A has been shown
to be tyrosine and two one-carbon units via methionine.!5 In
this case the N-methyl and terminal methyl groups were
those derived from methionine. In the case of tomaymycin,
we have established that this antibiotic is derived in an
analogous way to anthramyein.'¢

In this paper we wish to report on the determination of
the biogenetic origin of anthramycin. Some of these results
have been communicated in preliminary form.!”

Results

Biosynthetic experiments were carried out with shake
cultures of the anthramycin-producing S. refuineus strain
NRRL 3143 grown in a complex medium. The amount of
anthramycin produced at the time of harvest was about 80
ug/ml, as determined by a spectroscopic method.!® The an-
tibiotic was isolated from the culture medium by extraction
with butanol and further purified if necessary by counter-
current distribution.

The time course of anthramycin production was followed
by measuring spectroscopically the amount of anthramycin
produced and the incorporation of radioactive methionine
into the antibiotic at different times during the culture peri-
od. As shown in Figure 1, maximum production of an-
thramyein occurred at 15 hr and maximum incorporation of
methionine into anthramycin occurred when the precursor
was added at 12 hr.

The efficiency of incorporation of potential radioactive
precursors into anthramycin was evaluated as follows. The
thin-layer chromatograms of the methanol solubilized ex-
tracts were scanned for radioactivity and the areas under
the peaks were integrated to obtain the percentage of the
radioactivity of the extract residing in anthramycin. From
this value and from the total radioactivity of the methanol
extract, the total radioactivity incorporated into anthramy-
cin was calculated, which was related to the total radioac-
tivity of the precursor fed to give the percentage incorpora-
tion. This latter figure was also obtained independently by
recrystallizing to constant specific activity those samples of
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