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The Amino Acid Composition of Subtilin®
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The solids and nitrogen of subtilin are accounted for almost quantitatively by alanine 2.3, L-aspartic acid 4.1, L-glutamic
acid 12.2, glycine 4.7, L-isoleucine 4.0, L-leucine 15.5, L-lysine 12.3, lanthionine 6.4, L-phenylalanine 4.8, |L-proline 3.3, trypto-
phan ‘5.1, L-valine 3.3, a yet unidentified sulfur-containing amino acid 27.5 and amide nitrogen 2.2. The figures indicate
the content as g. in the hydrolyzate from 100 g. of subtilin free base (16.3% N).

This paper presents the composition of subtilin,?*
a polypeptidic antibiotic produced by a particular
strain of Bactllus subtilis. It is composed prin-
cipally of the thirteen a-amino acids listed in
Table I. Seven of the amino acids usually found
in proteins (arginine, cystine (or cysteine), histi-
dine, methionine, serine, threonine and tyrosine)
were virtually absent (0.1, or less).

The sulfur of subtilin is present in part as meso-
lanthionine® and in part as a yet unidentified
diamino dicarboxyl thioether of the empirical
formula C;H,.ON,S.5P Subtilin thus resembles
other polypeptidic antibiotics produced by various
strains of Bacillus (i.e., gramicidin, gramicidin S,
tyrocidine and the polymyxins) in containing resi-
dues not commonly encountered in proteins.

The average of those estimates of minimum
molecular weight (Table I) believed to be most
reliable (aspartic acid, isoleucine, phenylalanine,
proline and valine) is 3420. Free diffusion and
ultracentrifugation measurements to be published
elsewhere’ show that at pH 3 subtilin has a much
higher kinetic molecular weight, presumably due to
association, since subtilin diffuses readily through
cellophane. Certain of the data of Table I (amide
N, amino N and «-amino carboxyl groups) suggest
a minimum molecular weight of approximately
7000 but do not exclude the lower value since non-
integral numbers might be found if subtilin were
composed of a group of closely related compounds,
as has been demonstrated® for gramicidin, grami-
cidin S, tyrocidine and bacitracin.

The empirical formula deduced from the ana-
Iytical data is Gly.Ala,Val;LeuJleu;Pro,Phe;-
Try,LyssAspiGlusLan; (C/H1O3N5S)s(amide)s(H;0),,
corresponding to a molecular weight of 3188.
This formula accounts for 38 of the 40 nitrogen
equivalents determined per 3420 g., and for a
somewhat lower proportion of the solids. This
simple formula cannot be complete, since the
numbers of free amino and carboxyl groups found
experimentally are significantly fewer than those
calculated from the empirical formula. Rings of
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residues joined solely by peptide bonds may be
postulated. The number of rings is caleulated to
be 4 or 5 by subtracting the number of Van Slyke
nitrogens per molecule (4 or 5) from the number of
residues of lysine (3) plus that of diamino sulfur-
containing residues (5) plus one for the principal
chain.’® On the other hand, the number of rings
is calculated to be 1, 2 or 3 by subtracting the
number of free carboxyl groups (2 or 3) plus the
number of amide nitrogens (5 or 6) from the number
of residues of glutamic acid (3) plus that of aspartic
acid (1) plus that of dicarboxyl sulfur-containing
residues (5) plus one for the principal chain, The
discrepancy in the calculated numbers of rings
(4 or 5 vs. 1 to 3) is not due to the presence of D-
glutamic acid or p-aspartic acid, which on the con-
trary were shown to be absent. Non-nitrogenous
organic acid was not detected by ether extraction
of acidified hydrolysate prepared in a closed tube,

Experimental

Materials.—Subtilin was prepared by Fevold, et al.,?
from aerated vat cultures of Bacillus subtilis (ATCC 6633)
grown on simplified medium.¢ The material appeared to
be homogeneous by electrophoresis, by fractional precipita-
tion from-aqueous sodium chloride solutions and by frac-
tional dialysis against 19, acetic acid.® On the other hand,
Brink, et al.,) have shown by countercurrent distribution
that our most potent samples of subtilin are probably only
about 909, pure on the basis of the increased bacteriostatic
potency of the principal fraction. We are indebted to Dr.
Karl Folkers of Merck & Co., Inc., for 215 mg. of homo-
geneous subtilin (lot 9R205) prepared in this way. It con-
tained 15.79% nitrogen and 4.839%, sulfur by our analyses.

Elementary analyses of two of our more potent lots of
subtilin are given in Table II. All analyses in this paper
are calculated for subtilin (free base), 16.3%, nitrogen.

Microbiological Methods.—Except where otherwise in-
dicated, assays were made by the methods described else-
where!! on samples hydrolyzed with 6 N hydrochloric acid
at 120° for 18 hours. Seven different subtilin preparations,
including that prepared by countercurrent distribution,
did not show significant differences in their amino acid com-

osition, The relative bacteriostatic potencies were as
ollows: 57, 69, 79, 82, 90, 90 and 100. It appears that the
various potencies represent varying degrees of inactivation
incurred during isolation,? rather than failure to remove un-
related impurities.

The microbiological tests used for isoleucine, lysine,
phenylalanine, proline and valine respond only to the L-
isomers. D-Alanine is equally as active as L-alanine so no
inference is possible as to the isomer found in subtilin. b-
Aspartic acid is 609, as active as L-aspartic acid, p-glutamic
acid is 209, as active as L-glutamic acid and p-leucine is 169,
as active as L-leucine, so the values reported in Table I
would be in error if appreciable amounts of the p-isomers

(9) The Van Slyke nitrogen determination does not measure the
free amino group of proline, so this calculation would be in error if
proline were bound at a chain-end through its carbonyl group.
Failure to find any dinitrophenylproline in dinitrophenylsubtilin
hydrolyzed for four hours with 68 N hydrochloric acid at 120° suggests
that this is not the case (J. F. Carson, in preparation for publication).

(10) N. G. Brink, ef al., Tr1s JourNaL, T8, 330 (1951).

(11) 1. C. Lewis, et al., J. Biol. Chem., 186, 23 (1950).
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TaBLE I

COMPOSITION OF SUBTILIN
Min. mol. wt.

. No. of residues, from
Method of Found Constituent N roups, or atoms  amino acid
Constituent determination % % of total N per 3420 g. analyses
Glycine L, mesenteroides 4.67 5.3 2.13 3220
Alanine L. citrovorum 2.8 2.2 0.88 3880
Valine L. arabinosus 3.27 2.4 0.95 3580
Leucine L. arabinosus 15.5 10.2 4.04 3390
Isoleucine L. arabinosus 3.95 2.6 1.03 3320
Proline L. mesenteroides 3.3 2.5 0.98 3490
Phenylalanine L. mesenteroides 4.8 2.5 0.99 3440
Tryptophan L. arabinosus 4.3-6.2" R S ..
Tryptophan Spectrophotometric 5.1,5.2° 4.3 0.86 3960
Tryptophan Colorimetric® 5.0° 4.2 0.84 .
Lysine L. mesenteroides 12.3 14.4 2.88 3560
Aspartic acid L. mesenteroides 4.07 2.6 1.05 3270
Glutamic acid L. arabinosus 12.2° 7.1 2.83 3610
Lanthionine Paper chromatography 6.4% 5.3 1.05
C/H1,0.N.S Paper chromatography 27.5°% 21.2 4.23
N-Amide Mild acid hydrolysis 2.23,° 2.26 13.8 5.48
N-Free amino Van Slyke 1.86,7 1.837 11.3 4.56
N-Total Micro-Kjeldahl 16.3° (100) 39.8
S-Total Micro-Carius 4,97 5.23
Eq. per 104 g,

Acid groups Titration curve® 6to 7’ 2,0t02.4
Acid groups Esterification at 0°* 7.5 2.56
Acid groups Dye method’ 9.4)* (8.2)"
Basic groups Dye method’ 11.0° 3.76
a-Amino carboxyl groups Ninhydrin CO; titration™ 1.2 0.41

@ Grams per 100 g. of subtilin containing 16.3%, nitrogen, or in the hydrolysate therefrom. ? Assays of reference proteins!?
suggest that values for alanine and in lesser degree for glutamic acid tend to run low. ¢ Method and data of J. R. Spies
and D, C. Chambers, Anal. Chem., 21, 1249 (1949), utilizing reaction with p-dimethylaminobenzaldehyde. ¢ Calculated
from the experimentally determined proportions of lanthionine and the CyHy4O(N,S compound, assuming all the sulfur to be
present as these compounds. * Samples dissolved in 1.5 N sulfuric acid were heated in sealed tubes at 120° for 40 minutes,
following which ammonia was titrated after distilling from a pH 7.4 phosphate buffer. ¢ Data of J. F. Carson, et al., THIs
JourNAL, 71,2318 (1949). Amide nitrogen was determined by distilling ammonia from solutions of subtilin which had been
allowed to stand in 10 N hydrochloric acid at 35° for 200 to 220 hours. ¢ Estimated by extrapolation to zero time from data
obtained for 30, 60 and 120 minutes of digestion. The standard deviation of the estimate was 0.09. * Titration between
#pH 6.00 and pH 2.00 by the procedure of R. M. Herriott, et al., J. Gen. Physiol., 30, 208 (1946). ¢ Esterification in absolute
methanol 0.03 N to hydrochloric acid at 0° terminated in approximately 15 days with the introduction of 7.5 equivalents per
104 g. of subtilin without significant loss of amide nitrogen. At 25° esterification did not terminate with the introduction of
7.5 eq. per 10* g. but further esterification was accompanied by marked changes in amide nitrogen and in solubility, The
approximate limit of 7.5 equivalents per 10* g. was also noted for esterification with ethanol and with propylene glycol at 25°
(see f above). 7 Method of H. Fraenkel-Conrat and M. Cooper, J. Biol. Chem., 154, 239 (1944). * The possibility that a
carboxyl group was freed during equilibration with the dye at pH 11.5 must be considered. The antibiotic activity of subtilin
is lost rapidly at this pH. ? Values for the number of basic groups (11.8 and 11.4), reasonably close to that found for subtilin
(11.0), were obtained with methyl esters (see f above) containing 5.2 and 11.3 equivalents, respectively, of methoxyl groups
per 10¢g. ™ Method of B. E. Christensen, ¢t al., J. Biol. Ckem., 137, 735 (1941), modified by inclusion of 809, ethylene glycol
in the reaction mixture to allow complete solution of the subtilin, reaction time, 20 minutes at 100~110°. We are indebted
to Dr. K. P, Dimick for this analysis. The less specific colorimetric ninhydrin method of S. Moore and W. H. Stein, J. Biol
Chem., 176, 367 (1948), gave 8.4 equivalents per 10% g. with standardization against leucine. The subtilin used contained
less than 0.029%, ammonia. * See Table III. ° See Table IV, ? See Table II.

TaBLE II to constant weight. The antibacterial potency with Micro-

coccus conglomeratus by the method of J. C. Lewis, ¢t al.,

ELEMENTARY ANALYSIS OF SUBTILIN Arch. Biochem., 14, 437 (1947), was 799, of that of lot

Lot 317% Lot 215-0° 9R205 (pure subtilin). ¢ Salt-precipitated subtilin,? not
Corrected Corrected

p P P
Ele- Not ted, to 0% HCl,d Not corrected, to 09 HCl,d dialyzed or de-ashed. Dried sn wacuo at 70°. Potency
mente co‘%ec ¢ ° 0%, A ot :e et %0 909, of lot 9R205. Spectrographic examination of a similar

c 52.3 53 .4 51.6 53.0 preparatiop.by E. J. Eastmond disc}osed 0.2% of sodium,
’ 0.19%, of silicon, and traces of aluminum, boron, calcium,

}{ 6.79 6.87 6.77 6.87 copper, iroq, lead, magnesium, manganese, nickel, _silvgr
N 16.0 16.3 15.9 16.3 and tin adding to less than 0.1%,. ¢ All of the chloride is
S 4.80 4.90 4.75 4.88 assumed to be present as hydrochloric acid; cgomplete
saturation of the free amino groups requires 0.131 mole

lC)l (1)385 (0.00) 38‘11 (0.00) (4.78 g.) of hydrochloric acid per 100 g. of subtilin-free base.

¢ Carbon and hydrogen were determined by micro-com-  were present in subtilin. Tests with the L-amino acid oxi-

bustion, sulfur and chlorine by micro-Carius, nitrogen by
micro-Kjeldahl with HgO as the catalyst, and phosphorus
by the colorimetric method of R. J. L. Allen, Biochem. J.,
34, 858 (1940). Analyses by courtesy of L. M. White and
G. E. Secor. b®Subtilin de-ashed by passage through a
cation exchanger (see f of Table I) and vacuum-dried at 70°

dase activity of Proteus vulgaris, discussed below, show that
D-isomers of these amino acids are not present.

Bioassays with L. arabinosus under the conditions!? spe-
cific for L-glutamic acid (1 mg. of p1-aspartic acid per ml. of

(12) M. N. Camien and M. S. Dunn, J. Biol. Chem., 179, 935 (1949).
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TasLE IIT

TRYPTOPHAN ASSAYS WITH L. arabinosus
Hydrolyzed with®

5 N NaOH 5 N Ba(OH):z
Hydrolysis 100°, 120°, 00°, 120°,
time, hr. Y S G %
5 3.40 4.30 6.15 5.55
10 4.15 4,25 6.10 5.25
20 4.35 5.60

@ Hydrolysis in evacuated ampoules with 6 N HCl under
similar conditions gave dark solutions with no tryptophan
activity for L. arabinosus, although subtilin does not con-
tain sulfhydryl or disulfide groups, serine or carbohydrate
(¢f. H. 8. Olcott and M. Fraenkel-Courat, J. Biol. Chem.,
171, 583 (1947).

TasLe IV

TRYPTOPHAN ESTIMATION FROM ABSORPTION SPRCTRUM
Optical density

at 2865 A0
Of the
linear
inter-
polation
between Trypto-
D 2780¢ phan
Conen,, Of the test and content,
Sample mg. per ml, solution D 28904 o
pL-Tryptophan 0.0496 1.092 1.331 (100)
Subtilin (#317) .908 1.318 1.540 5.1¢
Subtilin (#9R205) .904 1.420 1.648 5.2

¢ In methanol-0.01 N hydrochloric acid; 1-cm. cell. We
are indebted to G. F. Bailey for help with these determina-
tions. ? Absorption minimum for tryptophan and subtilin.
¢ Absorption maximum for tryptophan and plateau for
subtilin, ¢ Absorption maximum for tryptophan and sub-
(1.540 — 1.318)

tilin. (1.331 = 1.092)

0.0496
0908 X 100.

¢ Exemplary calculation: 5.1 =

single-strength Steele’s medium,*no asparagine) and for total
glutamic acid (Steele’s medium without aspartic acid or
asparagine) gave identical results for subtilin hydrolysate.

Tryptophan was determined in subtilin lot 317 with L.
arabinosus and Difco tryptophan assay medium. Two-
hundred mg. samples were hydrolyzed in evacuated sealed
ampoules with 5 N sodium hydroxide or barium hydroxide
under the conditions noted in Table III. Barium was re-
moved as the sulfate. Sodium hydroxide was neutralized
with hydrochloric acid, in which case the equivalent amount
of sodium chloride was added to the standard solution of
tryptophan. bDL-Tryptophan had 50 £ 19, of the activity
of r-tryptophan. Complete racemization during alkaline
hydrolysis was assumed. The maximum result obtained
with sodium hydroxide hydrolysis is in exact agreement
with that obtained on the same lot of subtilin by Spies and
Chambers (4.35%, after recalculation to 16.39, nitrogen
by their p-dimethylaminobenzaldehyde colorimetric method,
¢f. Table I). Their comprehensive investigation shows that
tryptophan is destroyed under this condition of hydrolysis.
By their Procedure Q, which involves hydrolysis in 5 N
sodium hydroxide containing lead acetate in order to mini-
mize the destructive influence of sulfur-containing com-
pounds, they obtained 4.66%, tryptophan (recalculated).
By their preferred Procedure O, involving no hydrolysis,
they obtained 5.019, (recalculated). This value checks the
value of 5.159%, obtained by calculation from the absorption
spectrum of subtilin (see below). The higher values ob-
tained microbiologically for the less severe conditions of
hydrolysis with 5 N barium hydroxide (Table IIT) may rep-
resent errors due to incomplete racemization of tryptophan,
although they are in best agreement with the value of 5.98%,
calculated on the assumption of 1 residue for a molecular
weight of 3420. No inference is possible from the micro-
biological or other tests as to which optical isomer of trypto-
phan is found in subtilin.

Negative (0.1% or less) microbiological tests were ob-
tained as follows: arginine—ZLeuconostoc mesentereides P-60
and Lactobacillus fermenti 36; methionine—LZ. mesenteroides

{13) B. F. Steele, et al., J. Binl. Chem., 177, H33 (1049).
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and L. arabinosus 17-5; threonine-L. mesenteroides and
Streptococcus faecalis R; histidine, serine and tyrosine—
L. mesenteroides. The negative response of L. fermenti
shows that ornitline and citrulline are absent since either
one of these compounds can substitute for arginine for this
organism.'  Since amino acids present in subtilin only as
the p-isomers would not be detected in hydrochloric acid
hydrolyzates by certain of the test organisms, barium hy-
droxide and sodiun hydroxide hydrolysates were also
tested. These gave negative results, while satisfactory re-
covery of 0.19%, of amino acid added after hydrolysis was
obtained in all cases.

Neurospora mutant 36104'® was used to show the ab-
sence of L-cystathionine or its optical isomers in subtilin.
Since only the L-isomer is active for this fungus, sodium
hydroxide and barium hydroxide hydrolysates were tested
as well as hydrochloric acid hydrolyzates. Moreover, the
C;H4O4N:S compound isolated by Alderton was subjected
to the following racemization procedure!®: 20 mg. of the
compound was dissolved in 0.20 ml. of 1 N sodium hydroxide
(109, excess), and 0.10 ml. of acetic anhydride was added
slowly with shaking. After standing for two days at 35°,
the mixture was refluxed for three hours with 6 N hydro-
chloric acid. After drying in vacuo to remove acid, the mix-
ture was dissolved, neutralized, and tested by the Newro-
spora mutant. None of the preparations showed any L-
cystathionine activity. Five mg. of L-cystathionine iso-
lated from Neurospora culture!'® was obtained through the
courtesy of Dr. Louis Jacobson of the University of Cali-
fornia. It gave an identical growth response of mutant
36104 as an equimolecular weight of L-methionine. Sub-
tilin thus appears not to contain p- or L-cystathionine or -
or L-allo-cystathionine.

Chemical Tests.—The following qualitative colorimetric
tests made according to procedures outlined by Block and
Bolling" were negative (0.1% or less): arginine (Saka-
guchi), histidine (Macpherson), methionine (McCarthy-
Sullivan) and cysteine or cystine. For the last, both the
Sullivan~-Hess~-Howard and the nitroprusside (Krishnas-
wamy) tests were used, with and without reduction with
cyanide. The nitroprusside test was also performed on
unhydrolyzed subtilin. Thomas’!® test for tyrosine was
negative. Subtilin gave a negative Molisch test for carbo-
hydrate. Acid hydrolyzates contained less than (.19
reducing sugar by the Shaffer-Hartmann method.

Periodate oxidation by the method of Nicolet and Shinn!®
gave (.3 equivalent of ammonia per 104 g. of subtilin. This
shows that serine, threonine or related compounds such as
hydroxylysine, are substantially absent. ILess than 0.1
equivalent of Zeisel-reacting groups? was found per 10¢ g.
of subtilin. Both 30-minute and two-hour digestion times
were used.

L-Glutamic acid hydrochloride was isolated from subtilin
by two techniques. Direct crystallization from a charcoal-
decolorized hydrolysate by saturation with gaseous hydro-
chloric acid gave 144 mg. of three times crystallized product,
equivalent to 39, of glutamic acid in subtilin. The nitro-
gen content was 7.68%, (theor. 7.649%,) and the specific
rotation in 1.73 N hydrochloric acid, [«]|%'D +27.8°. The
other technique involved adsorption on and differential
elution from an anionic resin column, and yielded 860 mg.
of once-crystallized product, equivalent to 7.5%, glutamic
acid in subtilin. The rotation in 6.0 N hydrochloric acid,
¢ = 200, [«]*D +28.5°. Accidental manipulative loss
equivalent to approximately 4.5% glutamic acid in subtilin
was incurred before any fractionation between p- and L-
glutamic acid would be expected. The mother liquor and
washings, which might be expected to contain the more
soluble Dr-glutamic acid hydrochloride, contained onlv 30
mg. of total glutamic acid by microbiological assay. Thus
the isolated glutamic acid is represcutative of at least 979,
of the total glutamic acid of subtilin. Assuming +31.9¢
for the specific rotation of 1.-glutamic acid in 6.0 N hivdro-

(14) B. E. Volcani and E. E. Snell, ¢bid., 174, 893 (1948).

(15) N. H. Horowitz, £bid., 171, 255 (1947). We are indebted to
Dr. Horowitz for the mutant culture.

(16) V. du Vigneaud and C. E. Meyer, ibid., 98, 205 (1932).

(17) R. J. Block and D. Bolling, '*The Amino Acid Composition of
Proteins and Foods,' Chas. C. Thomas, Springfield, 111., 1945.

(18) L. E. Thomas, Arck. Biockem., 8, 175 {1944).

(19) B. H. Nicolet aud L. A. Shinn, J. Biol. Chem., 142, 139 (1942),

(20) E. P, Clark, J. Assoc. Offic. Agr. Chem., 15, 136 (1932).
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chloric acid?! and that the impurity was D-glutamic acid, the
isolated product contained 95%, of the L-isomer.

The following technique was used in the second isolation
described above. Anion exchange resin (Permutite No.
D735), 100- to 200-mesh, was adjusted to pH 3.0 by stirring
with dilute hydrochloric acid and packed into a column 6.8
by 280 cm. The hydrolysate from 9.2 g. of subtilin, from
which excess hydrochloric acid was removed by evaporation
in vacuo, was passed into the column. Water (1800 ml.)
was passed through the column followed by 0.03 N hydro-
chloric acid. Paper chromatography showed that the basic
and neutral amino acids (including the sulfur-containing
compounds) were removed in the first 1900 ml. of eluate.
Glutamic acid appeared between 3900 and 5300 ml. and
aspartic acid between 7900 and 13,600 ml. A final elution
with 1 N sulfuric acid yielded only 32 mg. of pyrrolidone-
carboxylic acid as determined by bioassay after hydrolysis.
Although this resin gave a good separation in a single
column,?? it gave a marked orange color to the eluates.
Control experiments showed that this soluble resin pre-
vented the quantitative precipitation of glutamic acid by
gaseous hydrochloric acid. The glutamic acid was there-
fore adsorbed on a small column (22.5 ml.) of Permutite S
anjon exchange resin, much of the color was removed by
washing with water, and the glutamic acid was recovered
by elution with 1 N hydrochloric acid, concentration, hy-
drolysis and precipitation with gaseous hydrochloric acid.

Spectrophotometric Estimation of Tryptophan.—The ab-
sorption spectrum of subtilin was measured over the range
from 2500 to 3800 A. with a Cary recording spectrophotome-
ter, Lots 317 and 9R205 were measured both in water and
in methanol made 0.10 N to hydrochloric acid (to dissolve the
subtilin). The spectrum showed a steep drop in optical
density from 2500 to about 3000 A. with relatively low ab-
sorption at wave lengths greater than 3000 A. A definite
maximum was noted at 2890 A. for subtilin in methanol-
0.10 N hydrochloric acid and at 2870 A. for subtilin in
water, and a plateau was noted at about 2780 A. These
wave lengths correspond closely with the two major ab-
sorption maxima for tryptophan in these solvents. Tyro-
sine, the only other one of the familiar amino acids with an
absorption maximum in this region,?3 is not present in sub-
tilin. Although it is evident that our samples of subtilin
contain other conmstituents whose contribution to the ab-
sorption rises with decreasing wave lengths as low as 2500
A., the tryptophan content may be calculated from the ab-
sorption spectrum. The calculations based on data for
subtilin in methanol-0.10 N hydrochloric acid are given in
Table IV. The absorption peaks in water were less shatp,
and the calculations were only about one-third as precise
as those for methanol solutions; nevertheless, tryptophan
contents of 5.1 and 5.3%, were calculated for the two lots
of subtilin. The calculation assumes a linearly-related
background absorption for the three wave lengths involved
in the calculation and also assumes that free tryptophan
provides a suitable standard for comparison with the com-
bined tryptophan of subtilin.?¢ The close agreement of the
the results with that obtained by an independent method is
shown in Table I.

Paper Chromatography.—Ryr values for the sulfur-con-

taining compounds isolated from subtilin and for certain °

other amino acids for comparison are given in Table V,
The mixture of acetone, water, acetic acid and urea gives
complete resolution (in a one-dimensjonal chromatogram)
of the sulfur-containing amino acids from all other ninhy-
drin-reactive constituents of hydrochloric acid hydrolysate
of subtilin. To obtain complete resolution of lanthionine
from the C;H4N,0O,S compound it is desirable to le: the sol-
vent flow for approximately 80 cm. This was done by the
technique of Williams and Kirby,? the 43-cm. paper cyl-
inder saturated with solvent being removed and dried, and
then rechromatographed in the original position. Twenty-
five chromatograms of simulated subtilin hydrolysates
containing various ratios of meso-lanthionine and the C;H,.-

(21) M. S. Dunn, et al., J. Biol. Chem., 168, 43 (1947); V. E, Price,
et al., thid., 179, 1169 (1949).

(22) R. Consden, ef al., Biochem. J., 42, 443 (1948).

(23) T. W. Gordon and R. A. Morton, ¢bid., 40, 628 (1946); A. B.
Lerper and C. P. Barnum, Arch. Biochem., 10, 417 (1948).

(24) B. G. Edwards, £bid., 21, 103 (1949).

(28) R, J. Williams and H. Kirby, Science, 107, 481 (1948).
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TABLE V
Kr VALUES FOR THE SULFUR CoMPOUNDS Founp 1IN Sus-
TILIN
neso-
Lan- As- Glu-
Solvent thio- Cr/Hy- partic tamjc Gly- Ly-
system® nine  O4NeS acid acid cine sine
n-Butanol, water-
saturated 0.00 0.00 0.00 0.00 0.04 0.01

n-Butanol: acetic acid (9:1),
water-saturated .01 .01 .05 .09 .07 .02
Phenol (0.19%, cupron), water-

saturated .19 .29 16 .23 .39 .41
Tetrahydrofurfuryl alcohol:

water (8:2) .08 .15 .20 .27 .29 .17
Tetrahydrofuran:

water (6:4) .28 .34 .40 .46 .42 .21
Acetone:water: urea

(60:40:0.5) 170 .24 42 .49 .43 .15
Acetone:water: acetic acid: urea (60:37.5:

2.5:0.5) 160 .22 40 .47 41 .33

225 & 1°. Changes in composition of solvents due to

highly volatile components such as tetrahydrofuran or ace-
tone affect the Ry values markedly.

N20.S compound and nine chromatograms of subtilin hy-
drolysates were compared quantitatively by extraction of
the ninhydrin color of the sulfur amino acid spots with
aqueous acetone and photometric estimation.?® The re-
sults indicate the presence of one mole of lanthionine and
four moles of the C;HiuN2O0:S compound in 3420 g. (ratio =
0.25 =% 0.01 (standard deviation)).

The possible occurrence of a third sulfur-bearing eompo-
nent in the acid hydrolysate of subtilin was investigated by
the use of the iodoplatinate test?” for organically bound
sulfur. One-dimensional chromatographs prepared with
each of the solvents of Table V showed no evidence of a
third component, except for an immobile spot observed with
both the simulated and actual hydrolysates of subtilin, and
with lanthionine.

Two-dimensional chromatograms of an acid hydrolysate
of subtilin and of a simulated hydrolysate of subtilin showed
identical spots. When water-saturated #-butanol, acetic
acid, cupron (90:10:0.1), and water-saturated o-cresol,
ammonia and cupron (98:2:0.1) were used as the solvent
pair, spots corresponding to proline, phenylalanine, leu-
cine-isoleucine, valine, alanine, glycine, aspartic acid, glu-
tamic acids, lysine and lanthionine-C;H1:N2O;S were recog-
nized. When acetone, water, acetic acid, urea and cupron
(60:37.5:2.5:0.5:0.1) and water-saturated phenol, am-
monia and cupron (98:2:0.1) were used as the solvent
pair, spots for proline, phenylalanine-leucine-isoleucine,
valine, alanine, glycine, aspartic-glutamic acids, lanthijonine
and the C;H;yN»OsS compound were recognized.

Optical Form by r-Amino Acid Oxidase.—The absence of
significant proportions of the p-isomers of the non-sulfur-
containing amino acids was tested by means of the -
amino acid oxidase of Proteus wvulgaris (X-19).28 Approxi-
mately 250 mg. of twice-washed moist cells grown on nu-
trient agar for 18 hr. at 35° were incubated in shake flasks
at 35° with the hydrolysate of 400 mg. of subtilin in 20 ml. of
0.025 M phosphate at pH 7.4, Semi-quantitative paper
chromatography?® or microbiological assay where p-isomers
could be measured, or both, showed that after 12 to 20 hr.
only the sulfur-containing amino acids and about 5%, of the
original leucine-isoleucine escaped oxidation by fresh cells.
Control runs with 0.5 equivalent of DL-aspartic acid, DL-
glutamic acid, pr-isoleucine, prL-leucine, pL-phenylalanine,
pL-proline and DL-valine per 3420 g. of subtilin, singly or
in suitable combinations, showed that the p-isomers of these
amino acids resisted oxidation. Suitable control runs
were not obtained with alanine or lysine. Tests of oxygen
uptake in the Warburg apparatus showed that neither meso-
lanthionine nor the C;H14N2O,;S compound were oxidized at
an appreciable rate.

(26) A. Polson, ef al., ibid., 108, 603 (1947).

(27) H. W. Winegard, ¢t al., tbid., 108, 506 (1948),

(28) P. K. Stumpf and D, E. Green, J, Biol, Chem., 1868, 387 (1944).
We are indebted to Dr. Stumpf for the culture of Profeus vulgiras.
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On Hydrolysis of Polycapramide

Bv KosE!I HosHINO AND MaASAMOTO WATANABE

Assuxping that the molecular weight distribution of polycapramide is a Flory equilibrium distribution, the hydrolysis
mechanism of polycapramide in 50% sulfuric acid was studied by viscosity measurement data using Montroll depolymeriza-

tion equation.
viscosity equation holds; the following result was obtained:

order velocity constaut is

The Staudinger viscosity equation is not applicable to polycapramide and the Sakurada- Houwmk general
1
7] = (M,/K)a I‘(2 + E)/[

Inp (1-— oz)]'z and the first

i - 30°  40°  50°

(w) dB/de MB M10=4hr-1) 498 8.15 29.4
_ 30°  40°  50°
= b - / f

M) Ae=lnp A/l qg-ap -1y 447 11.98 36.18

Introduction

The theoretical treatment of depolymerization of
the linear condensation polymer was solved pre-
viously by Montroll and Simha,? and in a simpler
fashion, by Sakurada and Okamura.® Matthes*
measured the rate of hydrolysis of polycapramide in
40% sulfuric acid at 50°. The degree of polymeri-
zation decreases in accordance with a first-order
splitting of amide linkage over the entire range
investigated from #, = 220 to 6. But Montroll
and Simha,? Sakurada,® and Matthes* assumed that
all bonds connecting monomeric units in the homo-
geneous system of the same molecular weight have
the same probability of being broken regardless of
their position in a given polymer in which they are
found. Such a homogeneous system is difficult to
prepare, so one must often be satisfied with more
or less heterogeneous mixtures. Montroll® ob-
tained the theoretical equation of depolymerization
in a polydisperse system of long chain molecules.
We used this Montroll depolymerization equation,
and the hydrolysis mechanism of polycapramide in
509% sulfuric acid at 30°, 40° and 50° was studied
kinetically. The aim of this paper is to establish
the general law of degradation of high polymersin a
polydisperse system taking polycapramide as an
example.

Experimental and Results

The material for measurement was cold-drawn
fiber spun from the melt of polycapramide which
had been prepared by polyamidation of e-caprolac-
tam. Its number-average degree of polymeriza-
tion was /43. The polymer was fractionated into

{1) K. Hoshino and H. Yumoto, Paper XVII, J. Chem. Soc. Japan,
70, 104 (1949).

(2) E. Montroll and R, Simha, J. Chem. Phys., 8, 721 (1940).

(3) 1. Sakurada and S. Okamura, Z. physik. Chem., A187T, 289
(1940).

(4) A, Matthes, J. prakt. Chem., 162, 245 (1943).

(5) 1. Montroll, T'H1s Journal, 68, 1215 (1941); Moutroll leaves
ont a and #x 41, at the right side in {13a) and (13bh), respectively.
Aud tlhe term of (13a) is » = k.

6 cuts in a phenol-water, two-liquid phase system
at 70°.° Viscosity of the fractionated materials in
509, sulfuric acid was measured in Ostwald viscom-
eters.

Generally, number-average molecular weight M,
and intrinsic viscosity [n] are related by the Sakur-
ada-Houwink equation of the form

M. = Kyl (1y
where K and « are constants. Data shown in Table
I are the results of the viscosity measurement in
50%, sulfuric acid.

TasLE 1
RESULTS OF THE V12c0sITY MEASUREMENT IN 509, SULFURIC
Acip
Qaniple Intrinsic viscosity in 509 sulfuric acid
Praction Ma 30° 40° 50°
1 3,793 0.222 0.307 0.275
2 4,471 .353 .343 .304
3 7,067 .392 .378 .396
4 8,165 . 433 .353 417
5 9,704 441 .417 .421
6 10,700 .631

Mn in Table I were determined from equation
(1)" in m-cresol
My = 10,400 [y]1-81 (1)'¢

Constants K and « in equation (1) in 509, sulfuric
acid were calculated by the least square method
from the data shown in Table I. Its result is given
in Table 11.

As an example of the depolymerization reaction,
hydrolysis in 509, sulfuric acid at 30°, 40° and 50°
was followed by viscosity measurements. Relative
viscosity was measured by Ostwald viscometers

(6) K. Hoshino and M. Watanabe, J. Chem. Soc. Japan, 70, 24
(1940).

{7) The reciprocal of & corresponds to &’ in [n] = K'My. Ac-
cordingly it is not surprising that values of g in Table I are greater
than unity. An equation of the form of (1) is only generally applicable
wlienn the viscosity average molecular weiglit is employed, but we re-
gard My equal to M- for sharp fractions.



