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Characteristics of Protease Inhibitor
Produced by Streptomyces fradiae SMF9
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Streptomyces fradiae protease inhibitor (SFI) was purified effectively by preparative isoelectric focus-
ing and hydroxyapatite chromatography. The molecular weight of SFI was estimated to be 1.7
kDa by SDS-PAGE and 1.8 kDa by molecular sieving HPLC. One hundred and sixty amino acid
residues were determined from which molecular weight of SFI was calculated to be 17,064 Da
and carbohydrate residue was not detected. SFI was a monomeric protein with two reactive site,
of which isoelectric point was pH 4.1. N-terminal amino acid sequence of SFI had homology with
SSI (Streptomyces subtilisin inhibitor) and other protease inhibitors produced by Streptomyces.
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Streptomyces subtilisin inhibitor (SSI) was the first ser-
ine protease inhibitor isolated from bacteria (13, 14) and
other inhibitors were isolated from other species of Stre-
plomyces (6, 16, 17, 21). All of them were dimeric pro-
teins consisting of two identical subunits, each of which
was composed of about 100 amino acids. These inhibitors
inhibited proteases by forming a tightly bound inhibitor-
protease complex in a molar ratio of 2:2 (4).

Streptomyces fradiae SMF9 produced extracellularly a
protease inhibitor (SFI) (2). SFI inhibited only alkaline
serine proteases including subtilisin, a-chymotrypsin and
pronase E but not trypsin (2). Growth rate, dissolved
oxygen tension, and pH were the important factors re-
gulating the SFI production. The inhibitory mode of the
purified SFI against a-chymotrypsin was competitive
(Ki=55%10"7 M) and one mole of SFI could bind two
moles of a-chymotrypsin and the complex had very low
dissociation constant (10).

In the present study, very effective purification me-
thod for obtaining large amount of SFI was developed
and chemical characteristics of the purified protein were
determined. The characters were compared with other
protease inhibitors produced by Streptomyces spp.

*To whom correspondence should be addressed.
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Materials and Methods

Microorganism and culture condition

The microorganism used in this study was Streptomy-
ces fradiae SMF9, a tylosin non-producing variant of
Streptomyces frediae NRRL 2702 (2,10). Stock culture
medium was prepared with 0.1% (w/v) yeast extract,
0.1% beef extract, 0.2% casein hydrolysate, 1% glucose
and 1.8% agar (pH 7.0). Seed culture medium was for-
mulated with 3% glucose, 2.2% soytone, 0.3% peptone
and 4% of CaCO; Main culture medium was composed
of 1% glucose, 2% peptone, 0.3% yeast extract, 0.3%
NaCl, 0.1% KH.PO,, 0.34% K.HPQ,, 0.002% FeSO,*7TH,0,
and 0.002% ZnSO,-7H.0.

The strain was maintained by transferring on agar
slopes of stock culture media each month and storing
at 10C. Spores formed on the stock culture agar medium
were harvested and suspended in stock culture liquid
medium containing glycerol (20%, v/v), then kept in a
deep freezer (—70T). Frozen spore suspensions were
thawed in a water bath (30C) then inoculated into 50
ml of seed culture medium. The seed culture was car-
ried out using 500 ml baffled flasks and a rotary shak-
ing incubator (200 rpm) for 3 d at 30C. The seed was
inoculated into the main culture medium to give a 5%
(v/v) mnoculum size. The main culture was performed
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in 45 L culture vessels (Korea Fermentor Co.) where
agitation speed and aeration rate were 250 rpm and 0.1
vvm, respectively. Culture temperature was maintained
at 30C and pH was maintained at 6.8 by automatic addi-
tion of 1 N HCl or 1 N NaOH.

Purification of protease inhibitor

After 60 h of cultivation, culture broth was centrifuged
(10,000 g at 4C) and the cell free culture broth was
concentrated by ultrafiltration (NMWL 10,000, Millipore)
to 1/5 volume. Ammonium sulfate was added to the con-
centrated broth to make 40% saturation and the precipi-
tate formed was separated by centrifugation (10,000 g,
30 min). Ammonium sulfate was added to the superna-
tant to make 60% saturation. The precipitate collected
from 40~60% saturation was dissolved in 0.05 M phos-
phate buffer (pH 7.5) and loaded on gel permeation chro-
matography with Sephadex G-75 (Pharmacia) column
(28X100 cm) equilibrated with the same buffer. The
elution rate was 18 ml/h. The active fraction of the gel
permeation chromatography was collected and loaded on
on-exchange column (5X 10 ¢m) packed with DEAE-Se-
phadex A-50 (Pharmacia) and washed with 2 bed vol-
umes of 0.05 M K-phosphate buffer (pH 7.5). The follow-
ing elution was carried out with NaCl gradient (from
0 to 0.75 M) in the same buffer. Elution rate was 60
ml/h. The active fraction of the DEAE-Sephadex A-50
was collected, dialyzed and applied to preparative isoelec-
tric focusing apparatus (Rotofor, BioRad) then ampholyte
of pH 3~10 (Pharmacia) was added to give final concen-
tration of 1%. pH gradient was formed by applying 12
W constant current for 4 h. Fractions of the preparative
1soelectric focusing apparatus was dialyzed against distil-
led water and SFI activity was determined. Dialyzed ac-
tive fraction obtained from the preparative isoelectric fo-
cusing apparatus was loaded on column (25X25 cm)
packed with hydroxyapatite (BioRad) equilibrated with
0005 M of Na-phosphate buffer (pH 7.0) and washed
with 2 volumes of the same buffer. The following elution
was carried out with the same buffer of increasing phos-
phate concentration from 0005 M to 0.6 M. The flow
rate was 30 ml/h.

Analytical methods

Protein concentration was determined by the dye-bin-
ding method (1). Purity of SFI was examined by SDS-
polyacrylamide gel electrophoresis (15%) with disconti-
nuous gel system (9). The protease inhibitor activity to-
ward a-chymotrypsin was measured by the same proce-
dure described previously (2). The activity of protease
was estimated by measuring tyrosine liberated after hy-
drolysis of Hammarsten casein (Merck) at 37C for 15
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min in 0.05 M K-phosphate buffer (pH 7.5). One unit
of protease activity was defined as the amount of pro-
tease needed for the production of 1 ug of tyrosine per
min. The protease inhibitor activity was calculated as
follows: % inhibition= 100X (A—B)/A. where A is the
protease activitv without inhibitor and B is the protease
activity with inhibitor. One unit of inhibitory activity was
defined as the amount of inhibitor needed for the 50%
mhibition of 1 unit of a-chymotrypsin (Sigma Co.).

Amino acid analysis was performed on an amino acid
analyzer (PICO.TAG, Waters) after hydrolysis with 6 M
HCI for 24 h at 115C (12). Half-cystine was determined
as cysteic acid with oxidation with performic acid before
hydrolysis (12). Tryptophan was determined after alka-
line hydrolysis (5). N-terminal amino acids of protease
inhibitor were sequenced by a modified phenylthiohydan-
toin (PTH) method (11, 20) by using amino acid sequen-
cer (Prosequencer 6600, Milligen/Biosearch).

Molecular weight of denatured SFI was determined
by 15% SDS-PAGE. Molecular weight of native SFI was
determined by molecular sieving HPLC with Protein
PAK 125 column (Waters). SFI and molecular markers:
a-lactoglobulin {18,400 Da), pepsin (34,700 Da) and oval-
bumin (45000 Da), were applied to a Protein PAK 125
column on an HPLC system, and elution was carried
out with 0.1 M sodium phosphate (pH 6.0) at a flow
rate of 0.6 ml/min. Void volume was determined by
blue-dextran (2,000,000 Da). All of size markers and
blue-dextran was purchased from Sigma Co.

Isoelectric point of SFI was determined by electric
focusing with preparative isoelectric focusing apparatus
(Rotofor, BioRad). Mixture of ampholvte pH 2.5~5 and
ampholyte pH 3~10 with ratio 9:1 was added to the
purified SFI solution in distilled water. pHs of the focus-
ed fraction were determined with pH electrode after
fractionation. SFI activity of each fraction was deter-
mined after dialysis against distilled water for 24 h.

Carbohydrate content was determined by the phe-
nol/sulfuric acid method (3). 200 ug of purified SFI was
dissolved in 200 gl of distilled water and 200 4l of phe-
nol solution (5% v/v in water) was added with gentle
mixing. 1.0 ml of concentrated sulfuric acid was added
and mixture was stood for 10 min before shaking vig-
orously. The absorbances at 490 nm were determined
after a further 30 min. Carbohydrate standard was 200
4l solution of 3G tM~2 mM of glucose in distilled water.

Results and Discussion
Purification and protein chemical characteristics

SFI was purified through gel permeation chromatogra-
phy, anion-exchange chromatography, preparative isoelec-
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Table 1. Purnification of SFI

Purification step Total Total  Specific Recovery  Fold
activity  protein  activity’ (%)
(units) (mg) (units/mg)
Culture broth 583400 7,820 74.6 1000 1.0
Ultrafiltration 53150 5900 92.1 93.1 12
(NH),50; precipita- 292500 2,050 1427 50.1 19
tion
Sephadex -75 202,700 1,390 1458 34.7 2.0
DEAE Sephadex 156,100 920 169.7 26.8 2.3
A-50
Preparative isoelectric 143.300 670 2139 246 29
focusing

Hydroxyapatite 121,100 439 2760 208 3.7

tric focusing, and hydroxyapatite chromatography (Table
1). Preparative isoelectric focusing and hydroxyapatite
chromatography were found to be essential steps to re-
move the contaminated proteins which were carried with
SFI in gel permeation chromatography (Sephadex G-75)
and anion-exchange chromatography (DEAE-sephadex A-
50) (2).

The molecular weight of the denatured SFI was esti-
mated to be 16,800 Da as estimated by SDS-PAGE (Fig.
1), but that of native SFI was determined to be 18450
Da by HPLC using Protein PAK 125 column (Waters)
(Fig. 2). These results suggested that SFI was a mono-
meric protein. The isoelectric point of SFI was determin-
ed by using preparative isoelectric focusing apparatus
to be pH 4.1, since SFI activity was detected only in
the fraction of pH 4.1 (data not shown). That was similar
to that of SSI and other subtilisin inhibitors except plas-
minostreptin (6). Carbohydrate content in the SFI was
lower than 0.5%, indicating that SFI was not a glycopro-
tein.

Amino acid composition

The amino acid composition of SFI and other protease
inhibitor produced by Streptomyces spp. are compared
in Table 2. It was evident that SFI contained a relatively
greater portion of isoleucine, arginine and glx (glutamic
acid and glutamine) than other SSI-family protease inhi-
bitors but only one residue of methionine and no lysine.
SFI consisted of 160 amino acid residues and molecular
weight calculated from amino acids composition was
17,064 Da. Hence it was thought that SFI was a mono-
meric protein.

Molar stoichiometry of SFI binding to a-chymotrypsin
was found to be 1:2 (10), indicating that SFI had two
reactive site per molecule. However SSl-like protease
inhibitors had one reactive site to each monomer (2:2).
Larger molecular weight of SFI compared to other SSI-
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Fig. 1. SDS-polyuacrylamide gel electrophoresis of SFI and molecul-
ar weight estimation. (I) Purified SFI was analyzed by SDS polyacr-
ylamide gel electrophoresis with a gel concentration of 15%. Lane
1, molecular weizht markers: rabbit muscle phosphorvlase b (A.
97400 Da), bovire serum albumin (B. 66,200 Da), hen egg white
ovalbumin (C. 45,000 Da), bovine carbonic anhydrase (I). 31,000
Da), soybean trypsin inhibitor (E. 21,500 Da) and hen egg white
lvsozyme (F. 14400 Da); Lane 2, active fraction of preparative iso-
electne focusing; Lane 3, SFI purified by hydroxyapatite column.
(ID moleuclar weight estimation. SFI (S).
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Fig. 2. Estimation of the molecular weight of native SFI by mol-
ecular sieving HPLC. SFI or molecular weight markers were applied
to a Protein PAK 125 (Waters) column on an HPLC system, and
elution was carried out with 0.1 M Na-phosphate (pH 6.0) at a
flow rate of 0.6 mi/min. Molecular weight markers were A: ovalbu-
min (45,000 Da), B: pepsin (34,700 Da) and C: a-lactoglobulin (18,
400 Da). S: SFL

like protease mhibitor might supply the space for two
reactive sites.
Subtilisin inhibitors including SSI, API-2b, API-2c, and
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Table 2. Amino acid compositions of SFI and other piotease inhibitors isolated from various Streptomyces spp.

Protease inhibitors

Amino acid
SFI API-2b API-2¢ SLPI SSI Plasminostreptin SI-1-72
Ala 20 18 16 24 19 15 10
Val 17 13 13 11 13 13 7
Leu 12 10 9 7 9 7 7
lle 3 1 1 0 0 0 3
Pro 13 9 8 6 8 5 10
Phe 6 2 2 3 3 5 5
Trp 2 1 1 1 1 1 0
Met 1 3 3 1 3 2 2
1/2 Cys 4 4 4 4 4 4 0
Gly 15 11 10 7 11 11 11
Ser 5 10 9 8 8 5 8
Thr 11 8 8 10 8 11 6
Tyr 4 3 3 3 3 3 3
Lys 0 1 1 1 2 3 5
Arg 9 4 4 6 4 5 10
His 3 2 2 3 2 2 9
Asx! 14 9 9 5 9 10 10
Glx? 21 8 8 7 6 7 12
Total 160 117 111 107 113 109 118
number

Mr? 17,064 11,872 11,162 10,445 11.698 11,395 13.101

SSI (Streptomyces subtilisin inhibitor from S. albogriseolus S-3253: 13, 14), Plasminostreptin (from S. antifibrinolyticus: 6), API-2b and
API-2c (alkaline protease inhibitor from S. grisevincarnatus: 16, 17), SLPI (S. lividans protease inhibitor from S. Lvidans 66: 21), and
SFI (S. fradiae protease inhibitor from S, fradiae SMF9: 2, 10, this study). SI-1-72 (Streptomyces sp.; 8). 1. Asx: Asparagine and aspartic
acid, 2. Glx: Glutamine and Glutamic acid, 3. Total residues of amino acids, 4. Mr: Molecular weight calculated from the amino acid

composition.

AP-]1 had methionine in their P, of reactive site. The
inhibitory activity of SSI against subtilisin BPN’ was not
affected by the replacing methionine at P, site with polar
and basic amino acid or alanine or leucine. And a muta-
ted SSI, of which methionine at P, site was replaced
with aromatic amino acids, showed new inhibitory activ-
ity against chymotrypsin (7), whereas the standard SSI
did not inhibit chymotrypsin. Therefore, it is possible
that SFI might contain tyrosine or tryptophan residue
at P, site instead of methionine, since SFI had a strong
inhibitory activity against @-chymotrypsin. Further ‘study
about this will be carried out.

Trypsin inhibitors including plasminostreptin, STI1 and
STI2 had a lysine or arginine residue at the P; site
(15,16). And a genetically engineered SSI which contain-
ed either a lysine or an arginine residue at P; site in-
stead of methionine residue also showed a new inhibi-
tory activity to trypsin (7). Those results indicated that
lysine or arginine residue at P, site was essential to
give inhibitory activity to trypsin.

SFI had two reactive sites and one methionine in the
molecule, indicating that methionine was not the residue
of the P, in reactive site or that the structure of the
two reactive sites might be different. And lysine was

SSI
Plasminostreptin
API-2c
SLP1
SIL5
SFI

Fig. 3. Homology among N-terminal amino acid residues of the
protease inhibitors from Streptomyces spp. Comparison was carried
out for the 19 amino acid residues from aligned N-terminal. Amino
acids identical t SSI were shaded. *: undetermined amino acid
residue.

not the Py site residue of SFI, because trypsin was not
inhibited by SFI (2) and lysine was absent in the SFI
molecule. Therefore it was thought that SFI was differ-
ent from other subtilisin inhibitor of Streptomyces spp.
in reactive site architecture.

N-terminal amino acid sequence
N-terminal amino acid sequence of SFI was deter-
mined as Ser-Leu-Tyr-Ala-Pro-Ser-Asp-Leu-Val-Leu-Thr-
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Table 3. Properties of SFI and protease inhibitors from various Streptomyces spp.

API-2b API-2C SLPI SSI PS! SFI

Molecular weight

Gel filtration 36,000 32,000 19,000 27,000 26,000 18,000

SDS-PAGE 12,000 11,000 9,500 12,000 12,000 12,000
Amino acid

Number of AAZ 117 111 107 113 109 160

Lysine 1 1 1 2 3 0

Isoelucine 1 1 0 0 0 3

Methionine 3 3 1 3 2 1

1/2 cystine 4 4 4 4 4 4

NH,-terminal Ala Asp Tyr Asp Gly Asp
Isoelectric point 34 3.3 - 4.3 6.3 41
Protease inhibition

Subtilisin + + + + + +

a-Chymotrypsin - - NT? — — +

Trypsin - - + - +

1. PS=Plasminostreptin, 2. AA.: amino acids, 3. NT=Not determined.

lle-Ala-His- * -Glu-Asp-+--. From the comparison of N-te-
rminal amino acid sequence to those of various protein
protease inhibitor of Streptomyces spp., it was clear that
SFI from S. fradiae SMF9 was closer to SSI and other
SSIfamily protease inhibitors (Fig. 3). Most of amino
acids in N-terminal of SFI were identical to or same
category with those of SSl-like protease inhibitors. In
this region SFI had 60% homology with SSI and three
hydrophobic residues were replaced with the same cate-
gory amino acids z, at 12 (Met — Ile) site, at 13 (Gly
— Ala) and at 14 (Lys — His) site. But three acidic
residues replaced the hydrophobic at 7 (Ala — Asp)
site, 16 (Val — Glu) site and one hydrophilic amino
acids at 17 (Ser — Asp) site. N-terminal amino acid
analysis of SSl-like protease inhibitors showed that
amino acid residues in f-strand were very conserved
(18, 19), which was also conserved in SFI (4~15 site).

According to Taguchi et al. (18,19) SSl-like protease
inhibitors are distributed widely in streptomycetes. In
their work, it was reported that S. fradiae Y059 also
produced SSl-like protease inhibitor (SIL5) but its N-ter-
minal amino acid sequence was different from that of
SFI. And SIL5 inhibited subtilisin, trypsin but did not
inhibit a-chymotrypsin activity. This result was also dif-
ferent from inhibition profile of SFI as compared with
other inhibitors produced by Streptomyces presented in
Table 3.
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