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SUMMARY 

Streptomyces fradiae exhibited the highest potency in the production of pro- 
teolytic enzymes among about 500 strains tested, all of Streptomyces genus. It  was 
found that at least five proteinases (peptide peptidohydrolases) and two peptidases 
such as leucine aminopeptidase and carboxypeptidase were produced by the organism, 
which were fractionable by column chromatography on carboxymethyl-cellulose. 
Various physicochemical and enzymic properties were studied. One of the enzymes 
that was easily crystallized showed similar characters to those of "keratinase", pre- 
viously discovered by NICKERSON, NOVAL AND ROBISON, and produced by the same 
organism in a keratin-salt medium. A further comparative study on the proteolytic 
enzyme system of S. fradiae cultured in keratin-salt medium and that cultured in 
the ordinary non-keratinic medium disclosed no difference between them. 

INTRODUCTION 

While investigating about 5oo strains of Streptomyces genus in order to obtain 
a strain possessing an ability to produce a high potency of proteolytic enzymes, we 
found the highest production by using Streptomyces fradiae and an ordinary nutrient 
medium in a shaking culture. It  was already known1, z that  the organism produced a 
keratinolytic enzyme termed "keratinase" in a keratin-salt medium. The enzyme had 
been regarded as a proteolytic enzyme a, because the crystalline enzyme of homo- 
geneous nature showed a high proteolytic activity against hemoglobin. In order to 
clarify the type of proteolytic enzyme produced by S. fradiae in the ordinary nutrient 
medium, the following study was undertaken, the result of which disclosed at least 
five proteinases (peptide peptidohydrolases) and two peptidases produced in the 
medium, one of which was seemed to be identical with "keratinase" produced by 
the same organism in a keratin-salt medium. 
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MATERIALS AND METHODS 

Organisms and culture 
About 15o type cultures of various species and 35o cultures of unidentified ones 

belonging to the Streptomyces genus and isolated from soil were kindly donated by 
Drs. NISHIMURA AND MAYAMA of this laboratory. Except as specified, the following 
cultural method was adopted. Basal medium was composed as follows: 3% potato 
starch, 1% soybean meal, 0.5% corn steep liquor, 0.5% glycerol, 0.3% NaC1, 0.35% 
CaCO 3, and o.1% yeast extract, pH 7.0. Strains were cultured in IOO ml of the me- 
dium in 5oo-ml Sakaguchi flasks, which were shaken on a reciprocal shaker (13o 
rev./min, 7 cm amplitude) for 3 to 5 days at 28 °. 

Enzymes, substrates, inhibitors, and others 
Keratinase concentrate "M-zyme" (Lot. No. 63 494, 3o ooo keratinase units/ 

ml) was kindly donated by Merck and Co. Crystalline trypsin (EC 3.4-4-4) was pur- 
chased from Mochida Pharmaceutical Co., Tokyo, crystalline a-chymotrypsin (EC 
3.4.4.5) from Sigma Chemical Co., St. Louis, and crystalline proteinase of Bacillus 
subtilis (Nagarse) from Nagase Industrial Co., Osaka. 

Casein (Hammarsten) was purchased from Wako Pure Chemical Industries Co., 
Osaka. Elastin (C grade, sieved 50 mesh) was obtained from Calbiochem. Various 
synthetic peptides ~ were supplied by the Peptide Center at the Institute for Protein 
Research of Osaka University. Z-Gly-Leu-NH~ and Phe-NH 2 were prepared in this 
laboratory. Poly-amino acids were purchased from Mann Research, New York. 
Wool, clipped from ewes at the Osaka Prefectural Livestock Experimental Station, 
was washed with water and chloroform, then dried in the air. As sUbstrate, the wool 
was cut with scissors into pieces about 2-3 mm long. 

Crystalline soybean trypsin inhibitor (recrystallized, 5 times) was obtained 
from Mann Research, New York. Purified potato inhibitor was prepared by the 
method of MAa'SUSHIMA 4. Diisopropylphosphofluoridate (DFP) was obtained from 
Sigma Chemical Co., St. Louis. DEAE-cellulose (Serva, o.81 mequiv/g), CM-cellu- 
lose (Serva, 0.75 mequiv./g), and Sephadex G-Ioo (Pharmacia) were purchased from 
Seikagaku Kenkyusho, Tokyo. Crystalline ovalbumin was kindly donated by Dr. 
H. INOUE of this laboratory. Cytochrome c from horse heart (Type II,  Sigma Che- 
mical Co.) and p-chloromercuribenzoic acid (PCMB) were obtained from Nakarai 
Chemicals Ltd., Kyoto. 

Estimation of enzymic activity 
Proteolytic activity, except when specified, was determined by digestion of 

I ml of 2% casein solution (pH 7.4) with i ml of enzyme solution (suitably diluted 
with o.i M phosphate of pH 7-4) at 4 °0 for IO min and estimating the liberated 
tyrosine by Folin-Ciocalteu reagent, as described previously 5. The absorbance at 
670 m/z was read. The specific proteolytic activity (P.U.) is expressed as mg of 
tyrosine released per min per mg of enzyme (or ml of enzyme solution). Protein 

* Abbrev i a t ed  des igna t ions  of amino  acid de r iva t ives  and  pep t ides  are used according to  
t e n t a t i v e  rules of  the  I U P A C - I U B  Commiss ion on Biochemical  Nomencla tu re .  All  the  amino  
acids  were L-form, excep t  glycine. 
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content of enzyme solutions was determined by the method of LOWRY et al. e using 
crystalline ovalbumin as standard. 

Elastolytic activity was determined as follows. The reaction mixture, con- 
taining 20 mg of elastin, I ml of o.I M Tris buffer (pH 8.5), I ml of enzyme solution 
(purified enzyme), and I ml of distilled water, was shaken at 4 °° for I h. To the 
reaction mixture, 2 ml of 0.7 M phosphate buffer (pH 6) was added, and the mixture 
was then filtered. Protein content of the filtrate was measured by the colorimetric 
method of LOWRY et al. e, whereby the elastin dissolved was determined. The unit 
for elastolytic activity (E.U.) was expressed as mg of elastin dissolved per h per mg 
of enzyme. 

Keratinase activity was assayed by a wool-digestion method of NICKERSON, 
NOVAE AND ROBISON 2, whereby the amount of protein solubilized during the incu- 
bation period was estimated spectrophotometrically at 280 m#. 

Activities on various synthetic substrates were determined as follows. Esterase 
activity was examined by titlation with 0.0I M NaOH in the presence of formal- 
dehyde (formol titration) 7 or ethanol (alcohol titration)S, 9. Either the NH 3 or a- 
amino acid released was determined using CONWAY'S apparatus 1° or by the nin- 
hydrin method n. 

RESULTS 

Production of proteinase by S. fradiae 
Among about 5oo strains of various species of Streptomyces tested, S. fradiae 

ATCC 3535 and U-26o were found to have a much higher production potency either 
in proteolytic or elastolytic activity than the others, although a considerable pro- 
duction potency of those enzymes was also observed in Streptomyces rimosus, Strepto- 
myces flavovirens, etc. Effects of various cultural media on the proteinase production 
of S. fradiae were determined. I t  was found that  high concentrations of starch (over 
1%) were required to promote the production, whereas those of glucose inhibited it. 
The addition of soybean meal above 1% did not usually increase the production but 
rather inhibited it. Therefore the basal medium described under METHODS was used. 
The effect of aeration was also determined. The highest activity was achieved in a 
2-1 erlenmeyer flask containing 300 ml of the medium which was shaken on a rotatory 
shaker (188 rev./min, 6.5 cm amplitude) for 3 days at 28 °. The proteolytic activity 
thus produced in the fermentation broth was 5" IO-klO" lO-3 P.U./ml. 

Crystallization of proteinase from S. fradiae 
The fermentation broth of S. fradiae ATCC 3535 which reached the highest 

proteolytic activity as aforementioned was centrifuged and subjected to such treat- 
ment as salting out with (NH4)2SO a (o.6 saturation) and fractional precipitation with 
acetone (0.5-2 vol. precipitation fraction) at about 4 ° to obtain a crude proteinase 
solution. The dark brown enzyme solution thus obtained was treated with DEAE- 
cellulose, which was originated by NICKERSON AND DURAND 8 for crystallization 
of keratinase of S. fradiae. A suitable amount of DEAE-cellulose was mixed with 
the above crude enzyme solution which had previously been dialyzed against 
o.oi M Tris buffer (pH 7). The mixture was agitated and then filtered. The dark- 
brown cellulose residue was washed twice with o.oi M Tris buffer (pH 7). The washed 
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Fig. i. Crystalline proteinase of S. fradiae crystallized slowly (A) ( × 375) or rapidly (B) ( × 375). 

residue contained negligibly small proteolytic activity. The colorless filtrate thus 
obtained was concentrated in vacuo in a rota tory evaporator  below 35 °, and then 
dialyzed against 0.05 M Tris buffer (pH 9) for 16 h in a cold place. After the residue 
had been discarded by  centrifugation, the clear supernatant was further dialyzed 
against running distilled water for two days. After centrifugation, the clear super- 
natant  was allowed to stand at room temperature.  Within a few hours, beautiful 
crystals were formed (Fig. IA). Rapidly crystallized enzyme always took the form 
of rods (Fig. IB). The proteolytic activity was determined after dissolution of the 
crystals; the solution was then subjected to the alkaline t reatment  described below. 
The yield of the crystalline enzyme was only 5.6% from the decolorized material  
t reated with DEAE-cellulose. 

Column chromatography of the proteolytic enzymes f tom S. fradiae on CM-cellulose 
The low yield of crystalline proteinase as mentioned above suggested the 

existence of another type of proteinase together with the crystalline enzyme. This 
was confirmed in the following manner. The crude enzyme preparation of S. fradiae 
ATCC 3535 was subjected to column chromatography on CM-cellulose. Fig. 2 shows 
that  four proteinase fractions (Fractions I-IV) were separated by  chromatography, 
of which Fraction I I I  was found to have a high elastolytic activity. Peptidase 
activity on either Leu-Gly or Z-Gly-Leu  was detected in the proteinase part  of 
Fraction I. Fraction I was further fractionated into two components of proteinases 
(Fractions Ia  and Ib) and one peptidase fraction (fraction tubes 35-60) by  column 
chromatography of B of Fig. 2. The recovery of proteolytic activity was 71°/o from A, 
and 81% from B. A crystalline proteinase obtained as above was applied to the 
column of A in Fig. 2, and was found to correspond to Fraction II .  Five proteinase 
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Fig. 2. Column chromatography  of the proteolytic enzymes f rom S. fradiae on CM-cellulose. A 
column of CM-cellulose (3 cm × 21 cm) was used, and the flow rate was adjusted to about  o. 5 ml/ 
cm 2 per min. The volume of each fraction collected was 20 ml. Elution was carried out  by  a step- 
wise increased concentrat ion of NaC1, as seen in the figure. The protein content  of each fraction 
tube was determined by the method of LOWRY et al. 6 or by the absorbance at 28o m/~. The deter- 
minat ion of either proteolytic or elastolytic activity is described in the text.  Peptidase activities 
were determined as follows. A reaction mixture  containing o.I ml of o.oi M subst ra te  (Leu-Gly 
or Z-Gly-Leu),  0. 4 ml of o.I M Tris buffer (pH 8), o.i ml of o.I M cation (CaC12 in the former sub- 
strate, and CoC12 in the latter), and 0. 4 ml of each fraction tube was kept  for 15 min at  4 o°. Im-  
mediately, to the reaction mixture  containing the former  subst ra te  there was added 0.5 ml of 
0.2 M citrate buffer (pH 5) containing o.oi M EDTA, whereas tha t  containing the lat ter  subs t ra te  
was kept  in a boiling-water ba th  for IO min to s top the reaction. The ninhydrin value was deter- 
mined as usual, and each activity was shown by the absorbance at  57 ° m#. A, The column was 
buffered with 0.05 M phosphate  at  p H  6, and 2o0 mg of lyophilized crude enzyme preparat ion 
of S. fradiae ATCC 3535 (salted out  with (NH4)zSO4, precipitated by acetone, and dialyzed 
against the same buffer) was applied. B, The column was buffered with o.ooi M Tris-maleate  
buffer (pH 6) containing o.oo2 M calcium acetate. The Fract ion I of A of this figure was con- 
centrated and dialyzed against the same buffer, and the di i lyzate (46.7 mg as protein) was applied 
to the column. Abbreviat ions:  LAase, leucine aminopeptidase;  CPase, carboxypeptidase.  

fractions and one peptidase fraction thus obtained were concentrated in vaeuo below 
35 ° using a ro ta ry  evaporator.  The concentrate was dialyzed against distilled water 
or suitable buffer solution; the dialyzate was centrifuged, and the clear supernatant  
was used foi the following examination. 

Physicochemieal properties o[ the various proteinases from S. fradiae 
Solubility. The solubility of  each fraction (II, I I I  and IV) in neutral  solution 

was low. When a concentrated solution of 0.5% or highei was dialyzed against 
such buffer solution as used for the following experiment, an amorphous precipitate 
was occasionally formed. The following physico-chemical properties were therefore 
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determined on an enzyme solution of comparatively low concentration after the 
removal of amorphous residues by  centrifuging. The crystalline materials were spa- 
ringly soluble in neutral solution. Dissolution was possible either by  raising the p H  
to 11.5, or by decreasing it below 4. For the following experiment, the crystals were 
suspended in o.I M Tris buffer (pH 9) containing o.ooi M CaC1 v The suspension was 
cooled to about 4 ° and the pH adiusted to 11.5 with o.I M NaOH, which was im- 
mediately lowered to a suitable pH range or the suspension was dialyzed against a 
buffer solution. Ca ions exhibited a stabilizing effect for all the enzyme prepara t ions  
Fractions Ia  and Ib were easily soluble in neutral solution. 

Sedimentation and diffusion studies. The sedimentation s tudy was made with 
a Hitachi UCA-I analytical ultracentrifuge. A buffer solution that  was used 
contained o.oi M Tris (pH 7), o.ooi M CaC12 and o.175 M NaC1. The enzyme con- 
centration and the rotor speed were 0.34-0.65 °/o and about 60 ooo rev./min, respec- 
tively. The run was carried out for 90 min at 20 °. The results indicated that  each 
proteinase (Fractions Ib, II, IV, and crystalline proteinase) was homogeneous in 
nature with a single sedimenting boundary. From the pattern,  the s20,w of Fraction Ib 
was calculated as 2.88 S, that  of both Fraction I I  and the crystalline proteinase was 
2.24 S, and that  of Fraction IV was 2.54 S. The determination of Fraction I I I  was 
impossible, because the peak diminished during the run, possibly owing to the low 
concentration. 

The diffusion measurements of crystalline proteinase were performed with a 
Neurath type cell at 27 ° in o.oi M Tris buffer (pH 7) containing o.ooi M CaC12 and 
o.175 M NaC1. The maximum height-area method was employed to calculate the 
diffusion constant, which was then corrected to the value in water at 20 ° . The diffu- 
sion constant (Da0,w) was found to be I I .49 . IO-~cm2.sec  -1. Assuming that  the 
partial  specific volume is 0.72 cm 3.g-1, the molecular weight of the crystalline 
material  was calculated to be 17 700. 

Gel-filtration study. To determine the moleculai weight of Fraction III, the gel- 
filtration method TM was adopted using Sephadex G-ioo. The fraction was contami- 
nated with a small quanti ty of Fraction IV, of which the activity was specifically 
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Fig. 3. Gel filtration of Fract ion I I I  proteinase f rom S. fradiae using with Sephadex G-ioo. The 
column (1.75 cm × 66 cm) of Sephadex G- ioo  had previously been equilibrated with the buffer 
solution containing 0.05 M Tris buffer (pH 7.5), 0.oo5 M CaCI~, and o.i M KC1. The Fract ion I I I  
was dialyzed against  the same buffer, and o. 5 ml of the dialyzate (5.42. io  -s P.U.) was applied to 
the column. Elut ion was carried out  by  the same buffer solution, and the flow rate was adjusted at  
3.3 ml/cm* per h. The volume of each fraction tube collected was 2 ml. The proteolytic activity 
of  each fraction tube  was determined before and after  t r ea tmen t  with soybean t ryps in  inhibitor 
(o.05 mg inhibitor per ml enzyme solution). The t r ea tmen t  with the inhibitor was carried out  at  
4 °0 for 3 ° rain. The proteolytic activity no t  affected by  soybean t ryps in  inhibitor was regarded 
as t ha t  of Fract ion I I I ,  whereas t h a t  affected by  the  inhibitor was Fraction IV. 
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inhibited by  soybean trypsin inhibitor as will be described later. The pat tern of 
Fraction I I I  was regarded as having a proteolytic activity unaffected by soybean 
trypsin inhibitor (Fig. 3). The proteolytic activity inhibited by soybean trypsin 
inhibitor, corresponding to Fraction IV, is also shown in Fig. 3. From the compara- 
tive study using various pure proteins such as cytochrome c, soybean trypsin in- 
hibitor, ovalbumin and polylysine, whose molecular weights were already known, 
the molecular weights of Fractions n I  and IV weie determined as 14 ooo and 16 500, 
respectively. 

Electrophoretic study. The study was made in a 2-ml cell using the Hitachi 
Tiselius electrophoresis apparatus, Type HT-B. The electrophoresis buffer used was 
o.oi M Tris buffer (pH 7 or 9), containing o.ooi M CaC12 and o.175 M NaC1. The run 
was carried out for 12o min at IO mA and 72 V at pH 7, or at 5 mA and 35 V at  
pH 9, and the temperature was 4 °. Enzyme preparations such as Fractions n - I V  
and the crystals showed a homogeneous nature and moved to the cathode, maximally 
at pH 7, but slightly at pH 9. Fraction IV showed a considerable loss of proteolytic 
activity after electrophoresis at pH 9 even in the presence of Ca ~+. The enzyme pre- 
paration of Fraction Ib was also examined after t reatment  with DEAE-cellulose 
according to a method similar to that  described in the section on purification and 
crystallization of proteinase, by which a small amount of acidic component adhering 
to the enzyme protein was removed. The preparation showed a homogeneous nature 
and an electrophoretic pattern similar to those of the other ~nzyme fractions men- 
tioned above. These criteria indicated that  their isoelectric points were around pH 9. 

Enzymic properties of various proteinase fractions from S. fradiae 
Optimal pH. Fig. 4 shows the optimal pH of various different proteinase 

fractions, that  of Fraction Ia with casein as substrate was at pH 9-1o, Fraction Ib at 
pH 11-11. 5, Fraction n at 8.5-Io, Fractions I n  and IV at 6.5-9, while that  of 
Fraction I I I  with elastin as substrate was at pH 9. Crystalline proteinase also 
showed the highest activity towards casein at pH 8.5-1o, as similarly observed for 
Fraction II .  

Actions on various proteins or synthetic peptides. Table I shows the enzymic 
activities of various proteinase fractions on different substrates. Fraction I I I  pos- 
sessed the highest activity towards either casein or elastin, which further showed the 
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Fig. 4. Op t imum p H  of  various proteinase fractions f rom S. fradiae against  casein and elastin. 
Both  casein solut ion (2 %) and enzyme solution (suitably diluted) were adjus ted  to the  respect ive 
p H  value shown in the  figure, and the  reaction was begun by  mixing bo th  the solutions. Determi-  
nat ion of  elastolytic act ivi ty  was carried out  in the  buffer solution of  various p H  values as shown. 
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T A B L E  I 

ACTIVITY OF EACH PROTEINASE FRACTION FROM S. fradiae ON VARIOUS SUBSTRATES 

Determinat ion of either proteolytic or elastolytic activity is described in METHODS. Keratinolytic 
activity was determined by  keeping a reaction mixture  (io ml) containing 7 ° mg of wool, o.o 5 M Tris 
buffer (pH 9) and an enzyme prepara t ion showing proteolytic activity of 2. 5. lO -3 P.U. at 4 °0 
for 3 h. After filtration, the absorbance of the filtrate was read at  280 m/~. Activities against 
synthet ic  subs t ra tes  were examined as follows. The reaction mixture  of i ml containing subs t ra te  
(either o.o16 M B z l - A r g - N H  v o.ot M Bzl -Arg-OEt ,  or 0.02 M Ac-Tyr -OEt ) ,  a suitable amoun t  
of enzyme, and o.05 M Tris buffer (pH 8) or 0.02 M Tris-acetate  buffer (pH 7) (for the latter two 
substrates)  was kept  at  4 °0 for I5 min. With  A c - T y r - O E t ,  the reaction mixture  contained 6% 
ethanol for the low solubility. The initial velocity (/,moles spli t /min per mg enzyme) was calculated. 

Proteinase fraction 

Ia Ib I I  I I I  I V Crystals 

Proteolytic act ivi ty (P.U. X IO -3) 4 4.5 5-3 16.o 8.2 4.7 
Elastolytic activity (E.U.) - -  28 lO 7 700 218 84 
Keratinolytic activity 

(A at  280 m/*) o 0.039 0.209 o.2o 5 o.118 o.212 
Activity against  synthet ic  sub- 

s trates  (initial velocity, #mo-  
les/min per mg enzyme) 
B z l - A r g - N H  2 o* o o 1.6 o 
B z l - A r g - O E t  o.7" 2.2 i o.9 12.5 2.8 
A c - T y r - O E t  1.4" 3 .0 4.9 0.2 3.7 

* Fract ion I. 

highest keratinolytic activity together with Fraction II or crystals. On the other 
hand, Fraction IV showed the highest activity towards both Bzl-Arg-NH~ and 
Bzl-Arg-OEt which are known to be suitable substrates for trypsin. Crystalline 
trypsin had about half the specific activity of Fraction IV. The highest activity 
towards Ac-Tyr-OEt ,  a suitable substrate for chymotrypsin, was observed in 
Fractions II, III  and crystals, whereas negligible activity was observed in Fraction IV. 
The specific activity of Fraction III  was almost equal to that of crystalline chymo- 
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Fig. 5. p H  stabil i ty of various proteinase fractions f rom S. fradiae. Various p H  values at  p H  3-6 
were prepared by Mcllvaine's citrate buffer, those at p H  7-8 by  S6rensen's  phosphate  buffer, and 
those a t  p H  8-12.6 by  S6rensen's  glycinate buffer. As a solution of p H  13, o.i M NaOH was used. 
Each buffer solution containing each proteinase fraction (o.I mg/ml) was kept  in the presence 
( . . . .  ) or absence ( ) of o.oi M CaCI~ for one night  at  room temperature .  After reversing 
the p H  value at  p H  7.4, the residual proteolytic activity was determined. 
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TABLE II 

THERMOSTABILITY OF VARIOUS PROTEINASE FRACTIONS FROM S. fradiae 

Each proteinase fraction (o.I mg/ml) containing o.I M Tris buffer (pFl 7) was kept at various 
temperatures in the presence (+) or absence (--) of o.oi M CaCl v After the treatment, the reac- 
tion mixture was immediately cooled, and the remaining proteolytic activity was determined. 

Treatment Ca 2+ Fraction 
(zo-* M)  

I Ib I I  I I I  I V Crystals 
(residual proteolytic activity, %) 

60 °, IO m i n  - -  98  84  58 9 9 60  
+ i o o  lOO 92  83 26  85 

7 o° ,  i o  m i n  - -  66  63 2 o o o 

+ i o o  97  71 49  3 75 
80  °, i o  m i n  - -  34 49  o o o o 

+ 49  90  o o o o 
80  °, I h - -  7 o o o o o 

+ 42  72 o o o o 

trypsin. None of the fractions showed any activity towards Z-Glu-Tyr .  Among 
various poly-amino acids such as poly-L-aspartic acid, poly-L-glutamic acid, poly-L- 
tyrosine, poly-L-lysine, poly-L-proline, and polysarcosine, only poly-L-lysine was 
hydrolysed. Paper chromatography of the digest indicated that  the main products of 
catalysis by either Fractions I, I I  or crystals weIe lysine dimer and tcimer, whereas 
those produced by Fractions I I I  and IV were the monomer and dimer. 

pH- and thermostability. A study was made on the stability of proteinase 
fractions at various pH ranges (Fig. 5). The stability of Fraction Ib in the alkaline 
pH range was truly remarkable: the enzyme was almost stable even at pH 12. The 
other fractions such as Fractions II,  I I I  and especially IV had considerable stability 
at acidic pH ranges in the presence of Ca 2+. The thermostabili ty of each proteJnase 
fraction was also studied. Table I I  shows that  Fraction Ib  is a thermostable enzyme. 
After t reatment  at 80 ° for I h in the presence of Ca 2+ 72% of the activity remained. 
Among various metal  ions examined, Ca 2+ and Sr 2+ showed the highest stabilizing 
effects on the heat t reatment  of the enzyme. The other proteinase fractions were 
found to be thermo-unstable, although Ca 2+ showed a considerable stabilizing effect 
against heat-treatment.  

Effect of various inhibitors. Inhibition effects of various inhibitors on each 
proteinase fraction aie summarized in Table III,  which shows that  all the proteinase 
fractions together with the crystalline material were inhibited almost completely by  
either DFP or potato inhibitor. Fractions I I I  and IV were inhibited by EDTA to 
a considerable extent. Soybean trypsin inhibitor caused a considerable inhibition of 
Fraction IV, which was almost doubled after the rechromatography of the fraction. 
The inhibition by  o.i M NaC1 on elastolytic activity of Fraction I I I  was insignificant. 
PCMB did not affect the enzymic activity of Fraction Ib. 

Enzymic properties of leucine aminopeptidase and carboxypeptidase from S. fradiae 
Optimal pH. Fig. 6 shows the optimal pH for leucine aminopeptidase and 

carboxypeptidase. The optimal pH for leucine aminopeptidase was IO, and for 
carboxypeptidase 7. 
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T A B L E  I I I  

E F F E C T S  OF V A R I O U S  I N H I B I T O R S  FOR  ENZY MIC  ACTIVITY OF EACH P R O T E I N A S E  FRACTION FROM 

S. fradiae 
E a c h  pro te inase  f rac t ion  (0. 5 • lO -3 P.U./ml)  con ta in ing  o. i  M Tris buffer (pFI 8) and  var ious  in- 
h ib i to r s  as shown in the  tab le  was k e p t  a t  4 °0 for 3 ° min. The res idual  p ro teo ly t ic  (P) or e las to ly t i c  
(E) a c t i v i t y  was de t e rmined  as usual.  

Inhibitor Residual activity (%) 

Ia Ib I I  I I I  I V Crystals 
P P P P P 

P E 

E D T A  (lO -3 M) 94 93 87 38 31 
D F P  (5" IO-a M) 22 IO 5 IO o 
Soybean  t r yps in  inh ib i to r  

(enzyme : inh ib i to r  : i : 3 
b y  wt.) ioo  IOO IOO IOO - -  

47 95 
9 I 

41  
(20)* 

P o t a t o  inh ib i to r  
(enzyme : inhibi tor :  
1 : 3  by  wt.) 28 9 21 12 20 13 

NaCI (IO -1 M) . . . .  95 - -  
PCMB (lO -3 M) - -  83 . . . .  

IOO 

5 

* R e c h r o m a t o g r a p h e d  p r e pa r a t i on  was used for the  de te rmina t ion .  

pH- and thermostability. The pH stabilities of both peptidases were determined 
in similar conditions (Fig. 5). Leucine aminopeptidase was somewhat stable at 
alkaline pH (pH 7- i i ) ,  whereas carboxypeptidase was more stable at acidic pH 
(pH 4-8). The thermostabilities of both peptidases were determined. Leucine amino- 
peptidase was thermostable regardless of the presence or absence of Ca 2+ : no decrease 
in enzymic activity was observed in the treatment of leucine aminopeptidase at 80 ° 
for I h. On the other hand, carboxypeptidase was completely inactivated by treat- 
ment at 7 °o for IO min. 

Substrate specificity. Substrate specificity of each peptidase was determined 
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Fig. 6. O p t i m u m  p H  of leucine a m inope p t i da s e  (LAase) and  ca rboxypep t i da se  (CPase) f rom S. 
fradiae. The reac t ion  m i x t u r e  (i  ml), con ta in ing  o.oi  M s u b s t r a t e  (Leu-Gly  for leucine amino-  
pept idase ,  and  Z - G l y - P h e  for ca rboxypep t idase ) ,  0.05 M buffer solut ion of var ious  p H  va lues  as 
shown in the  figure, and  a su i t ab le  a m o u n t  of enzyme  f rom pep t idase  fract ion,  was k e p t  a t  4 °0 
for 15 min.  In  the  case of leucine aminopep t idase ,  the  reac t ion  was per formed in the  presence or 
absence of Ca ~+ (lO -3 M). 
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TABLE IV 

SUBSTRATE SPECIFICITIES OF LEUCINE AMINOPEPTIDASE AND CARBOXYPEPTIDASE FROM S. fradiae 

The reaction mixture  of i ml containing 0.05 M Tris buffer (pH 8), a suitable amount  of peptidase 
fraction, and o.05 M (for leucine aminopeptidase) or o.ooi M (for carboxypeptidase) subs t ra te  
was kept at  4 °0 for 15 rain. CaCI~ (0.005 M) was added to the former reaction mixture,  and CoC12 
(o.oi M) to the latter. The activity is expressed by  the initial velocity (/zmoles spli t /min per mg 
enzyme). The arrows in the figure show the peptide bond hydrolyzed. The determinat ion was 
carried out  by paper  chromatography  of the digest and comparison with the authentical  com- 
pounds. 

Substrate Leucine amino- Substrate Carboxypeptidase 
peptidase (t~moles/min per 
(l~moles/min per mg enzyme) 
mg enzyme) 

L e u - N H  2 98. 7 Z-Gly -Phe  0.65 

t 
P h e - N H  2 28. 7 Z - G l y - P h e - N H  2 o.52 
Leu-Gly  4o6.o Z-Gly-Leu  4.89 

Leu-Gly-Gly  i165.o Z Gly-Leu-NH~ o.22 

t 
Gly-Leu 21.o Z-Glu -Phe  o.29 
Gly-Phe-NH~ 54.2 Z - G l u - T y r  o.59 
Gly-Gly lO.8 

(Table IV). The most suitable substrate for leucine aminopeptidase was Leu-Gly-Gly, 
and that for carboxypeptidase was Z--Gly-Leu. 

Effects of metal ions. The effects of metal-chelating agents on both peptidase 
activities were studied. Leucine aminopeptidase was severely inhibited by chelating 
agents such as EDTA (lO .4 M), o-phenanthroline (IO -3 M), etc . ,  whereas a negligible 

TABLE V 

EFFECTS OF VARIOUS METAL IONS FOR PEPTIDASE ACTIVITIES OF LEUCINE AMINOPEPTIDASE AND 
CARBOXYPEPTIDASE FROM S. fradiae 

An enzyme solution (0. 5 ml) of 0.2 M Tris buffer (pH 8) containing a suitable a m o u n t  of pepti-  
dase fraction was kept  at 4 °0 for 3o min in the presence or absence of  a metal-chelating agent.  
In to  the enzyme solution, 0. 5 ml of various metal  solutions (2. IO -~ M) were added. Ei ther  
leucine aminopept idase or carboxypept idase activity was determined by adding o.i ml of o.i M 
subst ra te  (Leu-Gly or Z-Gly-Leu)  to the reaction mixture  and keeping at  4 °° for 15 min. 

Metal Leacine aminopeptidase Carboxypeptidase 
( A ~7o .,u) ( A ~7o .,.) 

Not + ED TA Not + o-Phenanthroline 
treated (Io -4 M)  treated (5" ro-* M)  

None 1.48 o.12 0.300 o.o31 
ZnC12 o.23 o.18 o o.o23 
MgC12 1.67 0.72 o o.169 
CaC1 a 3.07 2.oo o.854 0.072 
SrCI 2 1.82 1.46 o.923 0.209 
CoCI~ 1.21 1.16 1.556 1.521 
MnC12 o.61 0.49 0.349 0.249 
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inhibition was observed on carboxypeptidase except with o-phenanthroline (5" lO-3 M). 
A further s tudy was made to determine whether metal  ion is required for both pep- 
tidase activities using the enzyme preparation treated or not treated with some 
metal-chelating agent. Table V shows that  leucine aminopeptidase requires either 
Ca 2+, Sr z+ or Co ~+, whereas carboxypeptidase requires Co 2+. The optimal concentra- 
tion of each metal  ion was about i o - L I O  -3 M. 

Proteolytic enzyme system of keratinase concentrate, "M-zyme" 
Keratinolytic activity of "M-zyme". The following experiment was carried out 

to facilitate a comparison between the above-mentioned protease preparation and a 
keratinase preparation which was manufactured in a keratin-salt  medium by  the 
same organism. A keratinase concentrate ("M-zyme"), supplied by Merck, was 
diluted with 20 volumes of o.I M phosphate buffer (pH 7.4) which corresponded to the 
original fermentation broth;  this solution exhibited a proteolytic activity of io .  io -s 
P.U./ml. The activity was almost equal to that  of the fermentation broth produced 
in the ordinary nutrient medium (non-keratinic) in our study. The keratinolytic 
activity was determined of both enzyme preparations which had previously been 
salted out with (NH4)2SO 4 (0.6 saturation) and dialyzed against distilled water. The 
result (Fig. 7) shows keratinolytic activities correlated with enzyme preparations 

, ~ o j  Nagarse 
. 

/ /  i.- "''°''- Tr ypsis~. 

20 4 0  60 80 I O0 i 20 
( h )  

REACTION PERIOD 

Fig. 7. Keratinolytic activity of "M-zyme" and other  proteolytic enzymes. A reaction mixture  of 
io ml containing 7 ° mg of wool, 0.05 M Tris buffer (pH 9), 5" lO-5 M MgC1 v and each enzyme 
showing proteolytic activity of 5" lO-3 P.U., was kept  at  37 ° for periods s tated in the figure. For 
t rypsin,  a buffer a t  p H  8 was used. At the end of the reaction, the contents  of each flask were 
filtered th rough  a glass filter under  gentle vacuum,  and the increased absorbance at  280 In# was 
determined. The remaining wool was fur ther  suspended in a new solution (io ml) of each enzyme 
prepara t ion  as above. The increased absorbgnce at  280 m/z in exposure to five applications of 
each enzyme was determined. A comparat ive  s tudy  was made using the crude enzyme prepara-  
t ion obtained f rom the fermenta t ion b ro th  of  S. fradiae in an ordinary nutr ient  medium (abbre- 
viated SF-protease) and others. 

showing the same proteolytic activity. Evidently both enzymes, such as "M-zyme" 
and our protease preparation from the ordinary nutrient medium, possessed an 
almost equal activity towards native wool, the intensity of which was twice as 
high as that  of "Nagarse" and about four times as high as that  of trypsin. 

Crystallization of keratinase from "M-zyme", and its characteristic. Crystalline 
keratinase was prepared from "M-zyme" according to the method described by  
NICKERSON AND DURAND 3 .The crystalline form was similar to that  shown in Fig. IB. 
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The solubility of the crystalline material was also low in neutral solution. The 
crystals were therefore dissolved by alkali t reatment  as described above. The sedi- 
mentation s tudy was made by a similar method to that  described above, and the 
S2o,w was calculated to be 2.16 S. The value was a little lower than that  (2. 4 S) 
determined by NICKERSON AND DURAND 3. The ultraviolet absorption spectrum of 
the crystalline keratinase (Fig. 8) coincided with that  of the crystalline proteinase 
from S. fradiae. The ~1% of each preparation was 8.4. The value was also lower 280 m# 
than that  (lO.42) determined by NICKERSON AND DURAND 3. Electrophoretic s tudy 
of the crystalline keratinase showed the isoelectric point to be about 9, identical 
with that  of crystalline proteinase of S. fradiae as mentioned above. The enzymic 
characters of the keratinase were studied further including pH optimum, proteolytic 
activity towards various substrates, stability, behavior of various inhibitors, etc. No 
difference was observed in these characters between the crystalline keratinase and 
our crystalline proteinase. 

Column chromatography of "M-zyme" on CM-cellulose. Further experiment was 
made to determine whether the multiple proteolytic enzymes produced in kera t in-  
salt medium and in the ordinary non-keratinic medium are identical. "M-zyme" 
was dialyzed against distilled water, and treated with (NH4)2SO 4 (0.6 saturation) in 
the cold. The precipitate was removed by centrifugation, dialyzed against distilled 
water and lyophilized. The pleparation showed a high absorbance in the ultraviolet 
spectral region for the complexing acidic component of the keratinase conjugate 
as had previously been described by NICKERSON et al.2, 3. The ultraviolet absorption 
spectrum was compared with that  of the enzyme preparation prepared from the 
ordinary nutrient medium (Fig. 8). The preparation, however, was not adsorbed on 
CM-cellulose unless the acidic component was removed by t reatment  with DEAE-  

50- 

40- 

i 30- x" 

i 20- 

i l 
;14o "i i 

',,, ,'~2° 

- ,  ~8o 

!6o 7~- 

i 
IO-  1 

1 

(mp.) 

Fig. 8. Ul t raviolet  absorpt ion spec t rum of  crystall ine kerat inase or par t ia l ly  purified prepara t ions  
f rom "M-zyme".  Determinat ion  was made on each enzyme prepara t ion  (0. 4 mg prote in  per  ml) 
containing o.I M Tris buffer (pH 8). "M-zyme"  t rea ted  wi th  (NH4)2SO 4 (0.6 saturation) (0---  - - 0 )  ; 
"M-zyme'" t rea ted  wi th  DEAE-cellulose ( © - - C ) ) ;  and crystall ine keratinase ( & - - A ) .  For  com- 
parison, S. fradiae protease (prepared in ordinary nu t r i en t  medium) t rea ted  wi th  (NH4)2SO 4 
(0.6 saturation) ( × - -  X ) was determined.  
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cellulose. The ultraviolet absorbance of the treated solution is shown in Fig. 8. The 
decolorized solution was applied to a column of CM-cellulose previously buffered 
with 0.0 5 M phosphate at pH 6. The pattern of the chromatography was similar to 
that  of Fig. 2A. Fraction I thus obtained was further separated chromatographically 
as for Fig. 2B. Five proteinase fractions (Fractions Ia, Ib, II-IV) and one peptidase 
fraction possessing leucine aminopeptidase and carboxypeptidase activities were ob- 
tained. The keiatinolytic activity of each proteinase fraction was determined. The 
results established that both Fraction II (corresponding to crystalline keratinase) 
and III  possessed a high keratinolytic activity similar to that of each corresponding 
enzyme obtained from ordinary nutrient medium (Table I). The study on other enzymic 
characters, showed that the five proteinases and two peptidases had properties 
identical with each corresponding enzyme from the ordinary nutrient medium. 

DISCUSSION 

S. fradiae produced at least five proteinases (Flaction Ia, Ib, II-IV) and two 
peptidases (leucine aminopeptidase and carboxypeptidase) in the medium when the 
organism was cultured aerobically in a normal nutrient medium. The five proteinases 
were inhibited by either DFP or potato inhibitol and were active maximally in the 
alkaline pH range. These characters are similar to those of the alkaline proteinase of 
Streptomyces griseus described by HIRAMATSU AND OUCH113 and NARAHASHI AND 
YANAGITA 14. Our enzymes, however, were intrinsically different from each other: 
Fraction Ib preserved its excellent stability not only at high temperature (80 °) but 
also at alkaline pH range (pH 12). The enzyme in Fraction Ib had characteristics 
somewhat different from a thermostable proteinase obtained by MIZUSAWA, ICHI- 
SHIMA AND YOSHIDA 15, our proteinase not being affected by PCMB. Fraction II 
was easily crystallized, and Fraction III  showed a remarkably high elastolytic 
activity, which activity was not affected by high concentrations of NaCI: hence it 
differed from the other known elastase preparations 18-1s except Flavobacterium 
elastase 19. Fractions II and III  possessed chymotrypsin-like characters showing high 
activity on Ac-Tyr-OEt .  On the contrary, Fraction IV exhibited trypsin-like 
characters, showing high activity on either Bzl-Arg-NH 2 or Bzl-Arg-OEt and 
being inhibited by soybean trypsin inhibitor. The leucine aminopeptidase of the 
organism showed a high activity against Leu-Gly-Gly in comparison with Leu-Gly 
or Leu-NH 2 and was thermostable. The lattel character resembles that of leucine 
aminopeptidase from S. griseus14, 2° but not that of the enzyme of Streptomyces sio- 
yaensis 2~. The carboxypeptidase showed a manifold higher activity against Z-Gly-  
Leu than that of Z-Gly-Phe and was different from pancreatic carboxypeptidase A 
(EC 3.4.2.1) 22. Both peptidases were regarded as metalloenzymes. 

A further study on keratinase concentrate "M-zyme" disclosed that multiple 
proteolytic enzymes as produced in the ordinary nutrient medium were identical 
with those produced in the fermentation broth cultured on keratin-salt medium. 
Nevertheless, some differences were necessary in the purification procedures. With 
the "M-zyme", column chromatography on CM-cellulose was unsuccessful unless pre- 
t ieatment  by DEAE-cellulose was made, in order that an acidic component, that  
had been adherent to the keratinase preparation, was removed. On the other hand, 
such a pretreatment was not always required for the column chromatography of the 
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enzymes ploduced in an ordinary nutrient medium, which indicates that  these 
enzymes were free from the acidic component. Treatment  of "M-zyme" with DEAE- 
cellulose yielded a crystalline enzyme, which had hitherto been designated as kera- 
tinase by NICKERSON et al. ~,3, and was very similar to a crystalline enzyme obtained 
from the non-keratinic medium in this study. Both crystalline preparations corres- 
ponded to a proteinase fraction of Fraction I I  in column chromatography on CM- 
cellulose. 

These results lead to the belief that  the culture employing ordinary nutrient 
medium is more economical than that  using a keratin medium to obtain multiple pro- 
teolytic enzymes including keratinase or a keratinase-like enzyme. In the former 
medium, not only the culture of the organism but also the purification procedures 
are easily performed. A higher production of proteolytic activity will be attained 
when more suitable cultural conditions are found for the non-keratinic medium. 

NOVAL AND NICKERSON 1 found that  the addition of glucose or casein hydro- 
lyzate to the wool-salt medium retarded the digestion of wool by S. fradiae in 
spite of the greater growth, which indicated that  the native keratin played an im- 
portant  role as if it were an inducer. However, our present s tudy showed that  a 
keratinase or a keratinase-like enzyme was produced in the absence of kelatin 
material, which might refute the above speculation, NICKERSON, NOVAL AND ROBI- 
SON s have further found that  the keratinolytic enzyme did not cause any release of 
sulfllydryl-containing peptides from wool, while such sulfhydryl-containing sub- 
stance was accumulated 1 in the fermentation broth of keratin-salt  medium by S. 
fradiae. I t  is well known that  wool that  has been reduced by alkaline thioglycolate 
(i.e. "Kerateine") is readily digested by common proteolytic enzymes. We therefore 
consider that  digestion of wool by S. fradiae initially occurs by  the enzyme attacking 
the S-S bond of keratin and the formation of this enzyme is induced by addition of 
native keratin. The keratinolytic enzyme together with the multiple proteolytic 
enzymes then a t tack  the reduced keratin. 
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